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INTRODUCTION

Oiffusion processes are important in establishing the rate of solid
state reactions, as well as chemical reactions between solids and
ligquids or gases. For example, oxidation of metals is controlled by the
mobiiity of ions in the solid state. Noteworthy is the corrasian
resistance of aluminum which is related to the formation of & protective
film of Al,0; on aluminum surfaces. This thin oxide layer is homoge-
nepus and usually crack freea. The extremaly slow yrowth of this film at
ambient temperatures is due to the slaw rate of ianic diffusion thrauyh
the oxide. In polycrystaliine ceramics aiffusion pracessing is used to
densify the materials. Reduction of porosity occurs by the miyration of
atams to pores. These processes in oxides have been studied extensively
in arder to provide a better understanding of defect structure as well
as processes such as creep, sinteriny, grain growth, pore mobility, ana
electrical conducticon., Measurements of self-diffusion coefficients as a
function of tenperature and oxygen partial pressure have been used to
identify ana chargcterize defect populations.

The transpert properties af oxides are still not very well under-
stood since there fs oniy limited data and the results of the different
invastigators do not always agree. Ip contrast to al«<ali haiides, the
agreement with theory is comparatively poor. Therefore, it is useful
to accymulate additional data on diffusion rates in high-purity oxide

crystals, using technigues that allow direct determination of



diffusion coefficiants when possible. A review of diffusion data for

several oxides is yiven in references ! and 2.



CHARTER I
METHODS DF STUDYING DIFFUSION IN OXIOES

The most common methods of studying diffusion in oxides are those
employing radigactive tracers anmd serial sectioniny. The tracer con-
centration profile is obtained by measurinyg the activity of each remcved
layer, or the fractionmal activity remaining after material removal.
However, for many elements there are no radigactive isotopes with half-
Tives lony enuugh to provide accurate data. In those cases, methods
employing stable isptopes as tracers may be chosen in connection with
mass spectrometry analysis. The initial natural concentration of those
isgtopes inside the specimen to be analyzed has to be as low as possible
in grder to provide geod resolution. A typical example is the case of
oxygen salf-diffusian in axides; the yse of oxygen radipcisotopes as tra-
rers is not feasiple since there are none with a half-life longer than 2
minutes (e.q. 13]))., Thus, methods employing a stable fsotope that
differs from 120 must ba used in order to determine the concentration
profile, A mass spectromater is used to determine the ratio of 1B0/L%(
in a gas phase previocusly enriched with 180 and kept in equiliprium with
the sample beiny investigated. Although this method is indirect and
surface exchange may be a rate-limiting step, i1t is yseful for the
detarmination of relatively low diffusfon rates {on the order of 1xly-1®
em? s=1}. This method does not yield the distribution of the dif-

fusing species (190} as a function of distance from the surface exposed
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to the enriched yas, i.e. the cancentration profile; pnly the time
dependent variation of the ratio 180/1B0 in the gas in equilibrium is
measured. A profile can be determined by measuring the ratio L80/1%) by
mass spectrometry as suoccessive layers of the material are removed by
mechanical grinding. Surface cenditicns have been reported to influence
the self-diffusion coefficient [3].

When it is not passible to find suitable isqtopes, a2 method
employing electrical conductivity measurements canm be used to study dif-
fusion. The Nernst-Einstein egquation is used to calculate the diffusion
coefficient from the electrical conductivity data. This method is
indirect and limited to those materials in which tharge transport is
exclusively ionic or in which the ionic transference number can be
determined, One gf its wedknesses 1s the difficulty in separating
electronic and jonic transport without using other experimental tech-
nigues,

lon beam mass spectrometry has also been used in diffusion studies.
Material is removed from a surface throuyh which tracer diffusion has
occurred, This removal is done by bombarding the sample with a beam of
fons, e.g., argan, The removed material is then analyzed by a mass
spectrameter to determine the amount of the tracer isotope. Althouyh
this method has shown & hiyh depth resolution, problems of igm iden-
tification and sputtering rates have been fouma [4]. By using the
sputter profiling technigue, the kinetfc emeryy of the primary beam not
only causes secondgry ions to leave the surface, but alsc displaces ions
in the surface layer laterally and into the tulk, which results in

cascade mixing [§].



Nuclear reactions of various elements with energetic particles pro-
vide a practical alternative method of analysis and give a direct
measurement of the profile of diffusing species. These techniques are
widely used for oxygen diffusion because there are several reactions
which can be induced, some of them showing useful charagteristics for
the detarmination of diffusion profiles.

Reactions most commonly used are:

il 170(3He,a) 180 — uses rare stable isotope of oxyyen.

i1] 130{p,n)Ll3%F — 18F emits a 0.6 Me¥ positron and has a nalf-life
of 112 min. The pratan beam eneryy has to be 2.7 MeY, and problems with
activation of other elements are present. This reaction has been used
t0 determine the oxygen diffusion coefficient by auto-radioyraph expo-
sure [6)]. This technigue is unique since it can show the existence of
preferential aiffusion paths such as grain boundaries, e.g,, as in the
case of undopea and Fe-doped Mg bicrystals (7).

ii1} 180(p,y)13F — This reaction can be used close to the reaction
resonance energy of 2.26 MeY, but has the same deficiencies as the
190(p,n) '8F reaction.

iv) 130{a,n)2lie — 1B) profile can be determined by successive
remgval af surface layers, and by repeated bombardment.

v)  LBO{p,a}l®N — This reaction nhas been used to study the oxyyen
diffusion in oxides, metals, as well as the oxidation of metallig
alloys. The energy spectrum of a-particles provides information about
the distribution of diffusing oxygen as a function of the distance from

a4 surface through which diffusion has occurred. The stopping power for
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protons and g-particles traveling throuyh the sample must bae known, as
well as the differential c¢ross section af this nuclear reaction.

There are at least three ways to use the nuclear reaction yield to
determing the concentration prafiie of oxygen:

1] By irducing the nuclear reaction close to the resonance
eneryies, which can be at 629 KeY or 1.765 Me¥ in the case of
180{p,a)l3N, and which can proba the isatopic oxygen ion concentration
to depths up to 4 um with a resolution of 0,1 um [8].

ii) By analysis of the a-particle spectrum when the proton eneryy
i$ greater than the resonance energy. This method is useful when a pro-
file of =small depth is tg be determined [9].

iii}) By removing successive layers of material mechanically,
followed by proton activation analysis of each consecutive syrface
using the resonance technique at 624 KeY or 1.765 Me¥.

The nuclear methgd is capable of sensitivities of the order of 1017
atm em-? {10}, hut for oxides, such as in the present work, the resolu-
tion is 101% atm ¢m=3 due to 0.2% of 120 naturally present in the oxide.
The method s nondestructive if the resonance or the continuous spectrum
methods are used. In practice only chlorire and boron may interfare
with the analysis of 18), but 13N and l9F might have some influence in
the production of wx-particies [11]. The nuclear reaction LBQ{p,a) 15N
seems 1o be the most desirable for studying the oxygen diffusioen in
oxides, as well 4s the oxidation of metallic alloys. The maximum depth
probed depends an the stopping power values for g-particles and protons.
Backscattered protons are a problem since the w-particle detectar may be

jammed due to pileup [12]. These protons can be filtered with a mylar



film, The a-particies also lose eneryy in passing through the mylar
fogil and this Toss limits the depth which can be probed. Huch improve-
ment is possible if protons can be prevented from reaching the detector
without using a mylar foil. The separation of the backscatiered protons
from the g-particles also can be accomplished with a magnetic field.
The resulting decrease in the width of the spreading function increases
the depth to which an analysis can be achieved [9] to approximately i0
um. However, for shallow profiles (< 1 um) an absorber technique is
preferred £12]. The concentration profile may be determined in the sur-
face regign {< 5 um) with a resolution of the order of 0.1 pm. By
improvinyg the energy respolution of the detector, the resolution of this
technigue becomes < 100 & near the surface [10].

There are 4 number of ingirect procedures available to study dif-
fusion, e.g., thermoyravimetry, NME measurements and optical absorption,
all of which suffer from varyinyg deyrees of inaccuracy and difficulty of

interpretation. These will not be discussed in tne present work.

flectric field effects on diffusian

Effects of alectric fields on diffusion of atomic species have
become important with the widespread use of refractories as elactrical
insulators. The addition of an external alectric field in diffusion
experiments has alse provided valuable information about the transport
mechantsms of charged species, which could not be distinguished from
neutral species by the traditional diffusion experiments. In this sec-
tion we briefly review the work parformed on alkalf malides and oxides

concerning the effects of electric field on diffusion.,
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Effects on diffusion of an external electric field applied to a
sample pf NaCl nave been reported [13]. In those experiments the
plectric field was applied to distinguish between the contribution of
free spdium vacancies from those of wvacancy pairs in the diffusion
Process,

It has been noted that electric fields produce a shift of the dif-
fusion profile which can be correlated to the moebility of the diffusing
species. Experimental data are in agreement with curves calculated from
the solution of Fick's second law containing a drift term which includes
the drift mobility and the electric field strength, in addition to the
usual concentration yradient term [13].

The relative displacement of the diffusion profile was used tp
calculate directly the transport of sodium ions through a crystal in an
alectric field, Interdiffusion experiments in tne KCI-KBr sinyle-
crystal system have shown clearly a shifting of the profile caused by an
external dc electric field [14]. It was demonstrated that at high temn-
perature some of the vacancies which take part in diffusfon transfer of
material, are electrically neutral.

There are a {imited number of papers reporting on affects of
aelectric field in transport properties of oxides. These are can-
centrated on solid state reactions in Cauv-Al,0; £15,16] and MyO-Al .0,
systems [17], and oxygen diffusion in UG, [18]. [t has been shown, for
example, that an electric field enhances diffusion of Ca into Al,0;
yrains and changes the sinteriny rate of polycrystaliine materizls by
assisting mass transfer across the contact zone setween yrainsg, and by a

Tocal eiectrical heatinyg effect.



In the MyD-Al,0; polycrystalline system, the Mg diffusion coef-
ficient has been determined as a function of applied field by measuring
the ratio [My]/[Al1] using the Energy-Dispersive X-Ray [EDAX) probe in
conjunction with a scanning electron microscope {SEM), and assuminyg the
validity of the solution of Fick's second law for the appropriate boun-
dary conaitions [17]. It has been noted that the diffuzion coefficient
of Mg into Al,0, s markedly increased in the presence of an electric
field when the alumina side of the couple is polarized negatively. On
the other hand, when the alumina side is polarized pasitively a very
small increase in the diffusion coefficient over the one in the absence
of field is observed.

Dornelas et al. (18] uvbserved that palycrystalline U, subjected to
electric fields at 1000°C, decamposes in the cathodic regien. Metallic
phases involving uwraniym and platinum {the electrode material) have been
pbserved an the cathode. CLonsequently the released oxyyen diffused to
the anode creating an oxygen excess oxide Ulyy,, x varying from O
{cathode regian) up to 0.25 {anode interface).

It has been shown by Gonzalez et al. [19] that protons and
deuterons can be swept out of Myd single crystals when subjected to &
moderate electric field (2000 W/cm) at 1300 K. The drifted ions are
moved to the cathode in ayreement with the expectation that protens are
swept toward the negative pole,

In addition, material degradation has been reported [20] to occur
in undoped Myl single crystals subjected to electric fields of the arder
of 103 ¥/cm at T » 1000°C. An increase in electrical conductivity leads

Lo a subsequent breakdown, Uark streaks develop. 1In the stireaks the
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presence of relatively high concentration of dislocation Toops, voids,
and precipitates have been observed [20). Although two models have been
proposed to explain the grigin of this dielectric breakdown, there is
still a lack of experimental evidence to substantiate them. Sonder et
al, (217 suggested that the deyradation of the material leading to
breakdown is due to a resistivity decrease alony dislocations and small-
angle yrain boundaries, and only the firal sudden breakdawn is due to
thermal runaway [22]. A dounle injection model has been proposed by
Tsang et al. [23] in which electrons are injected by the cathade and
holes by the anode. In this model, accumulation of negatively ¢harged
ionic species 1is proposed in the regicn adjacent to the anade in arder

to explain the increase of hole injectian.

Research Objective

In the present work, a technigue is developed to investigate ionic
drift in soclids caused by an external electric field. The measurement
of tne oxygen isotope, 120, concentration profile is used¢ to determine
the bxygen diffusion coefficient as well as the mobility of ipnic spe-
cies drifted by the electric field. C(Consequently, both oxyyen and
cationic diffusivity can be obtained. Moreover, the cationic trans-
ference numher can be determined.

This technique is used to investiyate the movement of magnesium
ions to the surface region of Myl single crystals subjected to electric
fields ranying from Q to 3x10% ¥ cm*! in the temperature range of

BO0-L000°C.
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The choice of Mgl was based upon its relatively simple structure
(face centered cubic), the availability of high-quality crystals, and
its relatively high ionic transferance numbers. These characteristics
make it an excellent subject far a fundamental investigation of mass

transport.

Experimental Technigque for Measurements

In the present work the nuclear resgnance reaction 80{p,a)l3N is
used to measure the L80 concentration profile. Alpha particles are
detected as a fumction of ingident proton energy. The inteyrated o-
particle count 15 plotted ayainst the proton energy resulting in the so-
called excitation curve,

Charged particles moviny through a solid lase enerygy at a rate
determined by the type of particles, their energy, and the stopping
power of the material. The mean particle energy, Ep, decreases after
penetrating to a given depth in a solid (24]. When the initial energy
E; is equal to 629 KeY, the respnance reaction occurs for 180 just at
the surface of the sample, but not for 180 within the sample., For Ej
slightly yreater than 629 Kae¥, the nuciear reaction will be induced at a
depth at which the eneryy has dropped to 629 Ke¥, as shown by the
diggram in Fiy. 1. This depth can be calculated by using published data
for the stopping power of each element [25] and applyiny Bragy's rule

for a compound [26].

Method of analysis

The experimental data as obtained may be analyzed by either con-

yolution or deconvolution as described by Rawal et al. [27].



12

ORNL-DWG Bd-§2272

Ea
> Ey
m
"
e
&
T 629
=
Ll
=
=
o
z
o
j X4 X2
SURFACE OEPTH PENETRATION

Fig. 1. Proton energy vs depth penetration. The horizontal dashed
line at 6§23 KeV shows the depth at which the proton energy is 629 KaV.
That is the depth at which the resonance reaction occurs.



13

There are three basic factors contributing to the observed rounding
and spreading of the integrated w-particles count and the deptn profile
(28]:

1) Imitial proton beam energy spread, af. The proten beam pro-
duced by the Van der Graaf{ accelerator has an energy distrioution
approximated by a gaussian distribution.

ii) Praton stragglinyg, Both energy and energy distritbution of the
protons are a functiaen of the material and the distance x through whicn
they have traveled in the target. Tne starndard deviation is ygiven by

Bragg's scattering forwulia:
3= go + KX1/2 (1)

where &g 15 the initial standard deviation ard K = 8.54 x 10-7

esu?/emd/2 for MgU, For Ep » Ep, the resonance eneryy,
$ = 9o + K'(Egtp) 12 (2}

where K' = K{Sp}‘lfz and 5, is the stopping power for protons travelling
through Mgo.

111} Resonance width. The natural wiath of the resgnant peak at
B729 keV is 2.1 Kev¥ as shown by Fig. 2. Hence, a resonance reaction
does not ococur at a unique energy and this distribution must be
included. Another factor that can be sean from Fiy, 2 5 the nonzerg
cross section for preton energies differing from the resonance enerygy.
The reaction of 180 with protons whyse energyies are greater than tne
FESCnAance eneryy, coniributes to the w-particle yield and therefore must

also ba includaed.
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The parameters invgolvaed in the diffysion mpdel are inferred either
by fitting the deconvoluted spectra with undistorted profiies or by
fitting the recorded spectra with the convoluted profiles. We have
selected the latter method,

The nuclear reaction yield can be calculated for each incident pro-

ton eneryy from the following eguation:

E'+6 E',8 .
¥ = ieq jx Cix') | * jﬁ:rhnl-exp[: %— [E:E—j%] dE"dx' (3)
o E'-64 rexd

where i1 is the integrated current, ¢ the detector efficiency, 2 the
solid angle subtended by the detector, Clx') the assumed concentration

profile, and £(E',8) the differential cross sectien,

Literatyre Survey on Oxyyen Diffusion in MJ0

Uxygen diffusion in MgO has beenr determined by the gas-solid iso-
tope exchange [29], by the autoradiographic technigque inducing the
nuclear reaction 13Q(p,n)ieF [B], and by the yield of the nuclear reac-
tion *B0{p,=)15N [30]. The results nbtained for the diffusion coef-
ficient are summarized in Table 1. It can be noted from this tabie that
the pre-exponential term By from the Arrhenius equation {£g. 11) has a
wide ranyge of values {(differing by 10 orders of magnitude). In agdi-
tion, the activatfon eneryy [ from the same equation ranges over about a
factor of four. In view of the wide range of [y and Q, a redeterming-
tion of these values is yseful, particularly &t low temperature,

< 1440 K.
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TABLE 1
OXYGEN DIFFUSION DATA IN Muu

Temiparatura By Q Mature of
Samples Range (°C) x 10i0{m2ssec) (KJ/mole)™ Diffusion Ref.
{i} 3inyle crystals
Low purity 1300-17580 2.h 261 Extrinsic 24
High purity 975-1150 43 a3 Intringic 3l
High purity 15U-375 4.8 x 10-8 125 Extrinsic il
Cr-doped {300 ppm) 1000-1150 4.8 x 10-6 142 Extrinsic 3l
Cr-doped {300 ppm) 235-1000 1.5 x 10-2 228 below in- 31
verted knee
Li-doped {380 ppm} 1040-1150 i.4 x 10-9 i74 Extrinsic 3
Hiyn purity-GRNL 1350-1550 2.0 x 102 370 30
{i1] Polycrystals
Undeped 1050-14490 0.4% 252 Extrinsic 32
Li-doped {3-5 at.%} 1090-1420 0.52 186 Extrinsic 33
Undoped {loosely 1020=-1260 1.6 x 102 184 Extrinsic 34
sintereg)
Undeped (loosely 1260-1440 9.9 x 103 430 Intrinsie 34
sintered}
Undoped {larye 1100-1427 1.36 x 104 459 Intrinsic 35
grain}

*1 k)fmole = 1.037x10-2 ev¥/atm

"

It nas been suyyested [29] that oxygen diffusion in Mgd is an
tmpurity-controlied and/or structure-sensitive process (e.g., affected
by subygrain boundaries and dislocations), and that the activatien eneryy
corrasponds to that fer jon mobility. However, the activation enmeryy
has a meaning only when the transport mechanism is determined., Alsa, it
15 sugyested [31] that at low temperature the transport of oxygen fs by

both interstitial and vacancy mechanisms. The wvacancy concentration is
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interstitial and vacancy mechanisms. The vacancy concentration is
dependent upon the crystal purity, oxygen partial pressure, and tem-
perature. Qn the other hand, there are reports (5,38] on oxyyen dif-
fusion in iron-doped Mgd and scandium-doped Mgl which claim that oxygen
diffusion is insensitive to the presence of aliovalent cations of higher
valence than magnesium. In 5017d solution these cations are known to
enhance the concentration of magnesium jon vacancies and decrease the

OXyyen vacancy concentration,

Literature Survey on Magnesium Diffusion in Mgl

Self-diffusion of magnesium in MyU nas been determined by several
experiments in the range of temperatures 1000-2400°C. Table 2 sum-
marizes the available data. Althouyh there are reports c¢laiming the
gbservation of My diffusion through intrinsic vacancies [37], the rela-
tively hiyh Schottky formation eneryy would preclude such obseryvation at
temparaturas below the melting point, even in the pursst samples [38].
The values of Dy and activation eneryy are of magnitudes comparable fo
those observed in measurements of impurity cation diffusion, and are
theraefore attributed to extrinsic impurity-controlled diffusion [39].

There 1is fair agreement that Schottky defects are predominant in
Mgl with formation enthalpy varying from 390 kJ/mol to 200 kJ/mol,
according to theoretical calculations [30]. Experimental activation
enthaipies are consistent with formation enthalpy, aHf = 370 kJ/mol and
migration enthalpy, AMy = 185 kJ or with aHf > 270 kd/mol and aHy = 270

kd (42].
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TABLE 2

MAGNESIUM SELF-DIFFUSTON COEFFICIENT IN Myl

Temperature Hanga Ug H]
op em2iser  kd/mol* Remarks Refarence

14001600 0.244 331 Tracer value section- 37
ing technique

12001600 0.38 220 From mobility deter- I8
minaticn by e.m.f.

1000—2440 4.19x10"" 266 Mass spectrometry of 39
stable isotope 29My
as tracer

12652350 7.48x10° b 151 Tracer value sectioning 40
method using <8Mg radio-
active tracer

11001400 0.54 308 Tracer value sactioning 41

14001750 1 .Bx1073 164 wethod

*1 kd/mole = 1.037x10-¢ ev/atm

The ianic conductivity and transference number have been measured
in MgD single crystals for temperatures ranging fram 1lU0°C to 1600°C,
The jonic transference number was determined by the emf method [38], and
dilatpcovlometric method [43] as a function of oxygen partial pressure,
The values reported for 1 atm of oxygen are 0.44 at 1155°C and 9,31 at
1234°C [43].

The ionic conductivity has been determined to be directly propor-
tigrnal to the concentration of the trivalent solutes [38]. The

contrglling charge-balance eguation appears to be
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2[¥ugl = [lmgl + [Fengl (4)

where [ng] 18 the concentration of double ionized magnesium vacancies,
[Iﬁg] is the cancentration of trivalent sgiutes excluding irgn ang

[Femgl is the Fe3* concentration.



CHAPTER 11

BASIC THEGRY OF DIFFUSION

Fick's Laws

An ideal crystal is composed of atoms distributed in a regular per-
iodic arrangement af paints in a space defined lattice [44]. A lattice
is a mathematical apstraction useful in understanding a crystalline
structure, However, in practice, such & perfect crystailine system does
not exist pecause of the existence of thermally created intrinsfc
defects, e.q9., Schottky and/or Frenkel pairs, or defacts created by
impurities. The presence of aliovalent impurities causes an electrical
charye unbalance which is compensated by defects such as vacancies and/or
interstitials,

Structural imperfections or defects are a primary avenue for atom
migratiaon in solids. Volume or bulk diffusion is the atomic migration
of jons caused by wmotian of the lattice defects, e.y., vacancies and
interstitial atoms. Planar and linear defects, e.y., grain boundaries
and dislocations, may oe avenues for enhanced atom migration,

Analoyous to the problem of heat comduction, a mathematical theory
of diffusign in an isotropic medium has been deweloped [4%]. Fick's
first law in one dimension states that the rate of transfer, 3, of dif-
fusing species is directly proportional to the concentration gradient

aC{a,th/ax:

2u
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. .p AC(x,1)

ax ) ()

N
The proportional constant 0 is called the diffusion coefficient. Fick's
second law is derivad from the above and the continuity eguation; and far
the particular case of the diffusion coefficient being independent of the

concentration, Fick's second law takes the simple form

BC _Lo8%Cx,t) i
-'E-i-{[x't] =0 axz * [b]

This equation may be solved explicitly for certain boundary conditions
which can be experimentally defined. For instance, in a semi-infinite
solid with an initial constant tracer concentration, £y, uniformly
distributed throughout, and with surface maintained in equilibrium with a

gas phase, the boundary condition is
C{o,t}) = Eg for t » 0 i7)

Cg is the fractional concentration of tracer in the gas phase, anga C[o,t)
is the fractional concentration of tracer at the surface of the solid.

The solutfon of Ey. {6) satisfying the above conditicn is [4%]

C(x,t) - Co = [Cy-Cg) erfc[zjﬁf] . (9]

If the surface does not instantaneousiy eguilibrate with the conceatra-

tion af the tracer fin the gas, the noundary condition at x=o0 for t»p is

— 022),= ¥ [Gg ~ Clo,t}] (6)
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with C{x,t} + C5 as x - 00 .

¥ 15 the first-order surface exchange coefficient. The zolution of

Eq. {6} satisfying that conditfon is now [30]

Clix,t}-Cq X V2E+yY Yt
——— Er"f —_— -_ B Ef"f'l: = . 1[:|
Ty — Co Y AR B ARy o)

By establishing & temperature dependence of the diffuston coef-
ficient, the activaticn eneray and, therefore, the sum of the enthalpies
of defect formaticn and motion can bDe determined, leading to an atomistic
interpretatign of the mechanism of diffusion.

ExﬂerimEﬂtally determined diffusion coefficients are usually

expressed by an Arrhenius-type eguation

D =Dy exp (- 1) {11}

where 0 is the pre-exponential factor, [ the activation enerygy, R the
gas constant, and T the apsolute temperature.

In the particular case of diffusion takiny place by the vacancy
mechanism, the activatiaon energy  is the sum of both the enthalpy of
vacancy formation, aHf, and the enthalpy of ionic mption, sHy, if the

intrinsic vacancies are predominant [46]

However, if extrinsic vacancies are predominant, the activation energy
for diffusion is

g = .El.Hm . |:],3:I
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In any case, the mechanism ts the same. An atom in a lattice site jumps
to a nearest vacancy. The net effect s atoms migrating in one direction
and vacancies in the opposite direction.

Although the vacancy mechanism was chosen as an example, there are
other possible mechanisms such as interstitial, interstialcy, and ring

mechanisms which are discussad in detai! in referance in,

Drift Caused by an Elactric Field

[n the case of elegttric-fialgd forced diffusion, Fick's second law

cantaing a driving force term in addition to the concentration gradient:

aCix,t) 5 3%Cix,t) - aC{x,t)

at; axe ax * {13}

where y s the mability of the diffusing species and E 15 the electric
field strength.

for a semi-infinite specimen with initial and boundary conditions
C{x,0] = Cq, C{o,t} = Ly, respectively, the sclution of Eq. (14} when

bath electric field and diffusion are in the same direction is [47]:

pEx
Ca-C _
Cr{x,t} = Co + ~32 [{1-er~f [%]} +e? [l-er f("*“Et P s

Upgn reversing the diraction of the appliegd field but keeping the same

field stremyth, the setution to Eq. (14} is given by [47]

_ uEx
. {1-.er~f["“'“Et i, 1)
2t |

C-{x,t) = Cp + [1 _erf x+uEt”
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Effects of an electric field gn the migration of charge species in a

homogeneous crystal involves a decrease of the activation energy for

migration by a factor of 2355 in one direction, and an increase by the

same factor in the reverse direction, Figure 3 illustrates this concept
where s is the interplanar crystalline distance, e the electron charye,
and I the chargye state. The resulting current demsity Jj caused by the

directional charge transport 1s yiven by

Ji = aiE {17}

where the subscript 1 desiynates a particular specie (ionic or elec-
tronic), and g s the conductivity of that specie. The conductivity of
particles of type i is

ai = tie , {18])

where i is the transport {or transference) number of specie 1.
The total electrical conductivity o is yiven by the sum of the elec-
tronic and jonic conductivities. If only one ionic specie and one

electronic specie are contributing to the conductivity, tnen

g Sdign t ug) . l:].g]'

In this case the ionic transport number, tign, 15 defined as the ratio
between the ionic conductivity and the total conductivity:

ﬁ.
inn
tion = —; . (20)

The conductfvity is related to the charge carrier mobility u by

the following equation:
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Fig. 3. Schematic illustration of the electric figld
effect on the crystal paotential: solid line indicates
potential without perturbation, dashed line is potential
with field perturbation,

2%
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s=Zecu , (21)

where ¢ is the cancantration of mobile species.

The Nernst-Finstein relation astablishes a relation between mobility
and diffusion coeffictent of any species, and it is derfved from the
calculation of the net flow of particles in the presence of an elactric

field, assuming random diffusion in a homogenegus system [46]:

u= (22)

where ¥ is the Boltzmann constant and T the absolute temparature.

[n a solid eiectrolyte subjected to an electric field applied
through oxyyen reversible electrodes, a relative displacement of the
electrolyte-electrode interface is observed [43]. This displacement has
been attributed to the accumulation of ianic species in the electrolyte-
alactrode interface [43]. It has been reported [43] that an accumulation
of 0.1 Coul s emraugh to cause a displacement of approximately 3 um at
1150°C.

Taking tha particular case of cationic migration, the cationic
transference number can be calculated by & simple charge-mass balance.
The cationic transference number will be the ratio of the equivalent
charge due to the cationic motion and the total charge transported

through the material;

niF
Ycat < TiE - (23)

where n {s the number of moles of cationic speties, | the dc current, At

the time interval, and F Faraday's constant.
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[t is clear that

N s g 5 Ax (74)

where 5 ax s the volume of the displaced region, a the material den-

sity, and M the molecular weight.

Hence
a5 ZF ax
tCﬂt = M [ at . [25}

In the present work it is assumed that the surface area of the
interface electrolyte-electrode s kept constant, and tne eleciralyte-
electrode interface is displaced by ax normal to the electrode plane.
Therefore, the factor 5/1 can be easily replaced by 1/J leading to

Eu. [26]:

a8 £ F Ax
tﬁﬂt = W.J. AL * (25]

Assuming pure cationic motiom, tcai=l, Eq. [26) is rearranyec as
Mdat = a Z F ax . (27)
Therefgre the mobility is

_aF ax .
H "Wect st ° (28}
where ¢ s the cation vacancy concentration.
The cation vacancy diffusion coefficient, Dy, s determined by

Eq. (29) when one combines Eqs. (22) and {28):
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_ K TaF ax
bv "t ermcEam - (29}




CHAPTER ILI

EXPERIMENTAL PROCEDURE

Sampie Preparation

Samples of MgQ nominally pure™ single crystals were cut with a
diamond edge saw Tn slabs {1x1x0.1 cm) and (1x0.6x0.1 ¢m) from a boule
with faces on the crystallographic planes {100]}. The original boule was
in the form of a rectangular parallelipiped lxl.5x1.5 cm, After ygrinding
with 4 series of successively finer ebrasives, such as 240, 320, 400, and
600 grit SiC impregnated paper, as well as 3/0 carborundum impreynated
paper, each sample was mechanically polisned with alumina slurries, 0.3
um in particle size. Water was used during the grinding. After
pelishing, samples were chemically polished with a solution of 8hi
HPO, at 150°C for 30 seconds in order to remove the surface layer left
from the mechanical palisning procedure [48]. Chemical palisning is also
necessary since the nuclear technique has shown that mechanical
pelishiny, even usiny fine alumina, produces a contaminated surface "49].
After polishinyg, the samples were washed in water, in acetore, and then
drigd in air at room temparature.

[t has baen demonstrated by Spadaro [60] tnat annealing at 14yQ0°C

reduces the dislocation density im Myd single crystals by at least am

*Crystals grawn by Tateho Chemical Industries Co., Lid, Hyodo-ken,
Japan. Neutron activation analysis performed by ORNL indicates the
following principal impurities inm wy/fg: Al, #: ¥, 20: Cr, & Mn, ?:
Fe, 71; and Ma, 130.

29
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order of magnitude and praduces a realignment of dislocatigns in polygo-
nized arrays. However, the penetration depth of dislocations show
little or no change, Because of these effects it was decided to anneal
the samples at 1400°C for 4 h in air prior to the introduction of the
isptgpic tracer.

After the tracer introduction and the diffusion annealing, the sur-
faces of the samples were covered with a layer of azluminum 200 A thick
by sputtering an aluminum target with argon, The aluminum layer gro-
vides an electrical contact hetween the sample and the sample halder
during the nuclear andlysis and thereby reduces the accumulatian of
charyes generated by the proton hombardment. Charge accumualation
gdversely affects the neasurement of the emitiea w-particles hecayse of
the energy reduction of protons due to coulombic interaction, thus
giving an erroneocus indication of depth of the 180{p,&)!°N reaction. In
additien, electrical breakdown an the surface mignt introduce electronic

noisa in the detector,

Analytical Procedure

The oxyyen diffusion coefficient is yenerally obtained from fitting
the mathematical solution of the differential diffusion eguation to the
gxperimental concentration profile of the tracer. Depending on the
boundary conditions, several analytical sclutions are possible. The
boundary canditigns are determinad experimentally, by the method of
tracer introduction.

Three different wethods [and therefore three aifferent boundary

conditions) have bean used in these experiments %o introduce tracers
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into the sample., Thney are: 1} implantation, ii) gas/solid isotopic
exchange, and 1ii) gas/solid isotopic exchange with electric field

externaily applied,

Implantation

The {100} face on MgQ single crystals was implanted with 130% ions
with energy of 110 KeV and an integrated flux of 1017 ions cm=2., For
this energy the gaussian distribution of the implanted joms had a maximum
at 1412 A and a standard deviation of 722 A about this depth. Diffusion
anneals ware made at temperatures in the range of 200-1800°C in afr. For
temperatures greater than B00°C, samples were placed im a magnesia boat
and for temperatures lower than 8I0°C, in a2 quartz beat, and inserted in
an electric furnace with a guartz muffle tube. Annealing times ranyed
from 1 0 75 nours. AL the end of pach anneal, samples were guencred in

air to room temparature by withdrawing the bgat from the furnace,

Gas/solid isotopic exchange

Uiffusion anneals were performed on Myl samples in equilibrium with
one atm of 95% 180, gas™ in the range of temperatures B00-1000°C, during
time intervals ranging from 24 o 400 hours. A guartz tube inserted inm

an electric furnace contained the samples.

Gas/sobid isotopic exchange with electric field externally applied

Mgl samples were equilibrated with one atm of 95t 140, yas in the range

of temperatures B300-1000°C. An eltectric field with streagths ranging

*laﬂz gas was purchased from Monsanto Research Corporation,
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from zero to 3000 ¥/cm was applied hetween the {100} surfaces of the
samples during the diffusion annealinyg. Figqure 4 shows the experimental
apparatus consisting of a temperature and pressure-controlled system.
Electrodes were platinum gauze (45 and 100 mesh). Sampies were inserted
in a quartz tube and compressed between two electrodes by means of 2
spring system. Tg keep the pressure uniformly distributed on the
surface of the sample, two perforated discs, initially made of machin-
able glass ceramic [HACER}*, were used in contact with the electrodes.
However, an abnormally high background was detected durinyg the nuclear
analysis., The grigrn of this background was found to be the product of
a nuclear reaction invalving boron (11B(p,a)dBe with [} = 5.65 Mey) pro-
ducing = particles with eneryy 3.70 MeY when the incident proton energy
was .65 Mey [51]. This assumption was chacked by promoting the same
nuclear reaction with samples containing boron, such as BN and Ni 8. It
was concluded that the source of boron contamination on the MgD was the
MACUR discs, since this matertal contains 7 B,0;. Therefore, parts
made of MACOR were replaced by pure alumina,

The samples were inserted in the furnace after it reached a stable
temperature. The system was then evacuated to 10-° mm Hy and filled
with 1 atm of 95% 180, enriched oxygen. During the process of filliny,
the yas passed throuyh a ¢old trap in order to remove any residual
water. Samples of the 180, yas were collected pefore and after the dif-

fusion annealing and analyzed by mass spectrometry in order to monitor

*MACDR machinable glass ceramic chemical composition provided by
Duramic Products, Inc., New Jersey: a6% 5i0,, 16% Al,05, 17% MgQ, 10%
ka0, 4% F, 7% B,0;.



33

scpyededide [pluawLtadxa ahueidxs adojost pL|os/seb 2 40 weabelp 2tiewmyrs  ‘p by

IS0 WA

IBNL TR TINW
A1 Z1HvYND

N HdG .\\x' MO8 HOL5153H

M {UH %041 1d— g
121%Y m FIGNIIOMH IR L
WNNILYTd  ——
 fcrreren  pu— -
ITdWvs—} e—==S ettt S - - .I-|”_|J_|
L] []
SR T U TAP Bl T ERE dvHl 07073
oy 2OVNHAA DN ELTERY w INITY IS H04
s ' S3AIITE NOTITL

HLIM NI ZiHYND

dWd WAMNDYA

I9NYS IHASSIHL ] i

JINMNA NOILd HOS

[4

Og,

ERLE B

HIOAHISAH 5w
S SV HY NI Iy

EN1LYHY4dY ADNTHINT NIDANO SO WYHDYID 31 WaHIE

HLA5E1 B8 DO TED



Ll — -

U

34

the variation of the jsotopic concentration. The average isotopic con-
centration decreases ~154% with respect to the initial concentration
regardless of the exposure time within the range of times of these
gxperiments. Apparently the laryest fraction of this wariation is
caused by the yas isotopic exchange with the furnace walls, stabilizing
after 24 h.

The electric field was applied by an external oower supply {(PRL
Electronics, Model CP-1413-v) and the current was measured by a digital
eglectrometer (Keithley Model &16) in series with the sample, the power
supply, and a resistance of 100 n (variable resistance box, LEEDS &
Northrup, Cat. No. 2164}, Electricdal connectians to ane of the elpc-
trodes was made by a Pt:Pt 10% Rh thermocoupie which was also used ta
monitor the temperature of tne sample. A thermocouple indicator {Oaric
Model 05$-350) provided digital temperature readout. AL the end of each
anneal , the samples were cooled inside the furnace to rgam temperature
at a cogling rate of ~1D°Q{min. Bafore withdrawing the samplas, the
rematning gas was stored in a sorption pump containing zeglite, The

quartz tube was then filled with dry air and the sample withdrawn,

Huclear analysis

The experiments described in this section ware carried out by using
a Yan de Graaff accelerator able to reach a maximum enargy of 2.5 May,
An ign analyzing magnet is used to select the particle heam, The magne-
tic field of this magnet is adjusted in order to maximize the beam
current detected by a Faraday cup, A auclear maynetic resghance probe is

used to measurs the magnetic field. The magnetic fields from wnich half
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of the maximum current was obtained were also measured in order to esti-
mate the energy standard deviation AE. From these measurements Af was
estimated to be 0.2 KeV¥. The LBD concentration profile was determined
by inducinyg the nuclear reaction 18){p,g)!"N in the region of the reso-
nant emergy of 629 Ke¥. By varying the proton beam enerygy up to 750
KeV, the reaction was fnduced at increasing depths in the samples. Far
each incident proton energy, the nuclear reaction 18)(p,s) 150 produces
a-particles which are distributed through a range af eneryy, As an
axample of such yield, Fig., 5 shows a typical a-particle spectrum
obtained by bombarding a Zrl®0, film with 629 KeV protons. The
inteyrated charge in this case was 10 uloul,

To probe the 180 coacentration profile, the incident proton energy
it increased, resulting in a similar yield for each selected enargy.
The integrated g-particle count of each spectrum is plotted as a func-
tion of proton  enmeryy, producing the excitation curve, The samples
were mounted in a yoniemetric chamber with two deyrees of freedom,
Initially, the samples were oriented with {lUQ) face ngrmal to the ingi-
dent preten beam. By tiltinyg the taryet a faw degrees off of this
direction, the inteyrated nuclear reaction yield was maximized. At tnis
arientation channeling effects did not affect the data. Erroneous depth
profiies can be obtained if the crystal is oriented in the chanmeling
dtrection with respect to the srotan beam, The stopping power angd the
cross section for callisions with atoms in the channeling direction
differ from the gnes in a ramdom orientation, whare the probability of

atomic collisien is hiyher [52].



COUNTS

¥
T T T T T ] T

L ]
25 -

3 1

A
v
tH] . ' . _
La) . - -
apL - - . -
i} ik —_— —_— N - —— ;
(LS 1.35 044 043 .50 0.55 .47 1.65 a0
EMERGY (Me¥)

Fig. 5.
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The g-particles produced by the reaction were detected through a
silicen surface barrier detector [URTEC Modei TE-13-100-100) located 9
cm from the center ¢f the yoniometer, and making an angle of 150° with
respect to the ingcident proton beam direction (ses Fig. &8). A thin
aluminized mylar film 0.50 mils thick covered the detectar in order to
shield it from backscattered protans. The beam current ranged from 5O
ta 150 namps and the integrated charge for each run was 20 uCoul.

A disc of zirconium containing a film of Zr180,, 150 & thick on the
surface was used as a standard sample. This sample was prepared by ano-
dic oxidation of zirconium in H,180, The thickness of the fiim has been
estimated by the values of voltaye, current, and time interval adopted
for the anodizatien process, This sample provided an ereryy calibration
and standardized the parameters with respect to the wariations of the
accelerator conditions.

Complementary Rutherford backscattering (KES) and channeling
piperiments were perfurmed in some samples by using a 2 MeV a-particle
beam. The mylar film was replaced by a metal plate with a 0.4x1.3 cm
s1it. The beam current ranged from 10 to 30 namps. For RES, the
samples were aligned 7° from the £110] direction and the azimuthal anyle
was varied during each run to avaid channeling and to provide a "random"
spactra. The integrated charge was 20 pCoul. In the case of RES in the
channeling mode, samples were oriented with [110] direction parallel to
the incident proton beam, The azimuthal angle was varied in order to
minimize the integrated counts. The integrated charye was A0 uloul.

A multichannel pulse height analyzer (MCA} was ysed to store the g-

particles eneryy spectra., FEach spectrum was subseguentiy transferred to
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Fig. 6. Schematic view of the analysis chamber, P -
proton beam, H - sample holder which can de rotated and pulles
up and down, D - solid state detector, 5 - sample, and C -
chamber,
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a maynetic tape for computer analysis. Calibration of the multichannel

analyzer was done by measuring RBS of pure C, Al, and 51 samples.
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CHAPTER IV
RESULTS

In this section the observed excitation curves are presented. In
the discussign section, they will be compared with calculated excitation
curves yenerated by convoluting assumed penetration grofiles. From
these excitation curves it is possible to determine diffusion param-
aters.

Initially, excitation curves obtatned from 18y* implanted-MyQ
samples are shown as a function of apnealing times and temperatures.
These are followed by excitation curves from samples isotopically
exchanyed with 180,, Dependence on annealinyg parameters such as time,
temperature, and electric field strenyth are included.

REE5 spectra in both random and channeliny modes are shown for
samples exchanged with !80,, and expesea to electric field. Finally,
data obtained from SEM of surfaces kept im contact with electrodes are

presented,

Results from Implanted Samples

Figure 7 shows the excitation curves for & sample as implanted and
after diffusion anneals at 1500°C/8h, 1200°C/7%h, and 700°C/lh in air,
In this chapter dash lines are drawn connecting experimental points in
arder to help visualize the experimental data. The background from an
unimplanted sample which contains a natural concentration of J.2% 133} is

15 times Tess than the maximum rumber of c¢ounts obtained from a sample
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Fig. 7. Excitation curves for Mgl single crystals
implanted with 1317 180 jons am=2: (0} as implanted, ()
after annealing at 700°C/1h, {A) 1200°C/75h, (7} 1500°C/8h,
(@) not implanted. Dashed lines are drawn to help visualize
the experimental data.
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implanted with 1617 1B jgns em=2. Data in this figure were taken
without checking channeiing effects. 1t 1s Observed that annealing at a
low temperature {e.y., 700°C), does ngt significantly affect the implan-
tation profile. However, annealing at higher temperatures {g.g., 1200°C
and 1500°C) alters the implantatian profile substantially as a result of
a loss of implanted 180 diffusing toward the implantad surface of the
crystal, The remaining 20% of implanted 180 is apparently moved deeper
into tne crystal. After this initial experiment it was realized that
channeliny might affect the resylts. The majority of implanted 1890 <an
only be observed when channeling is avoided since implamtation leaves
the lattice distorted, and joms occupy interstitial positfans. However,
annealing restores the lattice by relocating atoms in these positions.
An example is shown in Fig. 8. This figure shows that an implanted
sample, when analyzed in the channeling mode has a larger amount of
implanted 190, After anmealing at 700°C during 1 h in air (according to
fiyure & 1ittle diffusion takes place), chaaneliny of protons is
gbservea in [100] direction because the total amount of 280 detected is
Tower compared to the random spectrum taken by £il1tfiny the target 7% off
that direction. In view of these resuits, all the subseguent measure-

ments were done in nonchanneling directions.

Results from 90 gas/solid isotopic exchange

A typical excitation curve from the npclear reaction on a Mgd
sample equilibrated with 183, gas is shown in Fig, 9. In this par-

ticular case the 180 gas/solid isotopic exchange was performed at
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975+6°C during 311.4h. Excitation curves were alsg obtained for
294+3°C/aB8.1h, and B45x4°C/286.7h, resulting in similar curves.

The principal characteristics of these curves ire a peak clase to
630 ¥e¥ and a monotonic increase of number of o-particie counts at
higher eneryies. The area under the peak is approximataly related to
the concentration of 180 in the region near the surface, The increase
of counts at higher enerygy does not indicate an {increase in 180
concentration deeper inte the crystal, but does indicate an effect of
the cross section of the nuclear reaction in this ranga of eneryy. This

effect is taken into account by the convolution process.

Results from 180 gyas/solid isotopic axchange in the presance nf an

External Electric Field

The effect of an electric field on the excitation curves for proton
bombardment is shown in Fig. 10 for a MgQ sample subjected to a field
strength of 90 ¥/em, during a4 48 hours 1502 gas/solid exchange at
J36+3°C. Data from & sample under the same condition but without
applied field is included for compariscn. The cathade side of this
sampie exhibited a higher integrated particle count than did the anode
side. [ndeed, this js ghservea for all samples subjected to moderate
electric fields. The anode side exhibited am excitation curve similar
to the one obtained without applied field, except for a peak shift.
This deviation is attributeq to variations af the energy calinration of
the Yan de Graaft accelerator which occured petween runs perfarmed gn
different days. These variations are yenerally abserved and related 4o

the maintenance process of this machine. However, the area under the
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excitation curve is the important parameter and it should not be
affected hy the peak shift.

The electric field strength dependences of the excitation curves
are depicted by Figs., 11 and 12 fgr the cathode and anode faces. It
should be noted that the ordinmate scales for these two figures differ
by more than an order of magnitude., These samples were excnanged with
180, at a fixed time (24h}, and temperature (930°C). From the area
under the excitation curves of the cathode sides it is obsarved that tne
18)) concentration in the region near the surface increases propor-
tionally to the electric field strength. Moreover, the excitation curve
for low electric field {1y ¥fem} approaches the one in the absence of an
electric field.

Althgugh the areas under the excitation curves for the anode sides
are similar to the ones without applied field, there 7s some variation,
2.49., 90 ¥/cm, which canngt be explaimed in terms of electric field
strenyth dependence. Tnese anomalies will be discussed in the next
chapter,

The timg depengence of the excitation curves was measured by
keeping tne temperature (430°C) and the electric field {30 ¥/cm) at
constant values, and by warying the isotopic exchanye time interval.
Figures 13 and 14 show tne excitatiocn curves for the cathode and anpde
side, respectively. For the cathede siges the 180 concentration in the
reyion near the surface is observed to increase proportionaily to the
exchanye time interval. For the anode side the reverse conclysian is

reached.
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data.

Excitation curves from the cathode side of
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Similarly, the temparature dependence af the sxcitation curves was
alsp determined for bDoth cathode ang annde sides by keeping the electric
field strength (490 ¥/cm} constant. The exchange time interval was fixed
at 48 n for T » 390°C and 139 h for T < BY0®C. Fiygures 15 and 16 show
these resulits. The temperature depandence of the excitation curves is
usaful for determininy the activation enerygy of the physical process
responsible for the results obtained in this work, The variations aof
the areas under the excitation curves for the cathrode side show an
increase of 180 concentration in the region near the surface, propor-
tional to the increase of the temperature. The variations of the exci-
tation curves for the angde side show the same behavior, except for the

gase where the temperature was B45°C,

RBS data

RBS in the random and channeliny modas was performed on two samples
in order to dstermine the location of the 180, Qne sample was isotopi-
cally exchanged with 130, withaut field and the other in the presence of
an electric field, ¥Figure 17 shows the RBS spectrum in the random mode
far a sample exchanged with L83, at 960°C during 89 h. The steps indi-
cated in the figure are due to the onset of “He scattering by 274l
{previously deposited on the samples), 18] and 2%My (substrate
companents), There is ng evidence of scattering by -8}, Figure 14
shaows the RBS spectrum from the negatively polarized face of a sample
subjected to the same procedure, but in additicn to a LO1O0 ¥/om electric
field. This fiyure shows that “He scattering is due to 180, in addition

to 180, 2%Mg, and <781, Beth spectra were obtained with ¢rystals tilted
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7° off the [110] crystalloyrapric directicn, and constantly rotated in
arder to randomize the azimuethal anyle.

Channeling was possible by orienting the crystals in such a way that
the [110] direction coincided with the incident particle beam. Figures
12 and 20 show the RBS spectra in the charneling inode four the same
crystals as used to obtain the random spectra (Figs. 19 and 20;.

Surface peaks for 27A1, Z4Mg, 18D, 180, and 12 are observed in both
spectra. These peaks are expected for *le scattering fron atoms on the
surface af the samples: no evidence of interstitial atoms or amorphous
formatian in the region near the surface was detected. The only
gbserved difference between the data for the case without and with a
field 1s a slight increase in the hackground when the field is present.
Since they were taken from different samples, and the channeling optimi-

zation might vary due to misalignment, a small difference i3 axpected,.

SEM microyraphs

fuye to the different surface appearance of crystals subjecied to
glectric fields, scanniny electron microyraphs were takan from crystal
surfaces previously in contact with electrodes. Figures Z21{a} and (o}
show two of these micrographs at different magnifications. They were
taken from the cathode face of a sampie subjected to 1000 Y/cw at 930°C
during 24 h, The tncreased magnification used for Figure 21(b) provides
a more detailed vyiew of the surface modificatigns stimulated by the
electric field. Figures 22(a) and (b} show SEM microyraphs taken from
the anode face of the same sample, using the same magnifications as

Figures 2i{a} and (b),

L = Z. m.
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10X

700X

b}

SEM micrograph from negatively polarized surface,

Fig, 21,



g1

b)Y 700X

T Fig. 22. SEM micrograph from positiveiy polarized surface.
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No alteration in the surface texture was observed from c¢rystal sur-
faces exposed to field strengths < 300 ¥ cm~l, The dark area shown in
Figure 22{a) is part of the region where the proton beam was incident.
The microyraphs ftaken at higher magnification (700X} show that the
cathode and anode surfaces differ. Comparing micrographs shown in
Figures 21(um) amd 22(b), it 15 seen that the difference is not only on
the contact points but also on the surrgunding area. This area appears
to be smoother on the anode surface than on the cathode surface. The
roughness of the catnode surface wmight be an indication of the formatian
of a new oxide film, such as MglB), However, stereomicrographs are

needed in order to obtain the surface topolagical characteefstics.
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CHAPTER ¥

DISCUSSION

Development of a convalution proyram

A computational program has been developed in order to generate
excitation curves from the convolution of an assumed concentration pro-
file with the initial proton beam eneryy spread, particle eneryy
straygling, and the finite width of the resonant cross section, A
diagram of this program is given in Fig. 23.

Far each incident proton eneryy Ep, the program convolutes the
energy spreadiny with the differential cross-section values providing
the probability of creating am g-particle at each depth. A matrix of
such probability is calculated a5 a function of depth and then again
convoluted with the assumed concentration profile in grder to produce
a calculated excitation curve, The parameters describing this con-
centration profile, e.yu,, diffusivity, surface exchange coefficient,
ang/or oxide Tayer thickness, are then adjusted by a subroutine, labeled
DLMDF1,* in order to obtain the best fit, This subroutine minimizes the
sum of squares of the difference between the calculated escitaticn curve
and the obsarved one. The inteyrations necessary to convalute the con-

centration profile were done by using a subroutine, laseled SPLINT,™ in

*B. S. Garbow, K. E. Hillstrom, ard J. J. More, Minpack Documentation,
Argonne National Laboratory, Argonne, IL, 1980.
**G. E. Forsythe, M, A. Malcolum, and C. B. Moler, Computer Methods for
Mathematical Computations {Prentice Hall, 1977}, pp. 29-80.
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the library of the DEC-10 computer. Furthermore, the convolution
program uses experimental cross-section values [51] interpolated in 0.1
rey¥ steps, instead of theoretical analytical expressions. The thegreti-
cal apgroach would introduce further assumptions,

Te check this proyram, the experimental data obtained from the
Zri8Q. standard sample was analyzed by using the following procedure:
the concentration depth profile wes assumed to be a step function with a
constant 130 concentration within the first 150 & from the surface.

This thickness has been previpusly estimated by the parameters of the
anodization process. feyond this depth the 180 concentration was taken
to be zero. Figure 24 shows pboth the experimental and calculated exci-
tation curves, The points on this figure indicate the degree af
agreement between the calculated curve and the experimental data to be

expected in these eiperiments.

Implanted Samples

The results from implanted samples show a loss of LB after
annealing at T » 1200°C, as indicatea im Fiy. 7. The reasan for such
Inss is still mot clear. 1t is possible that diffusion through the
damaged area created by the implantation process is much faster than
throuyh the undamayed interior of the implanted sample. Intrinsic
defects are created during implantation irm Mgd [53], botn in the anmicnic
sublattice (F, F*, F,-centers] and in the cationic sublattice
tU'-centers}. Excess defects would accelerate diffusion, A zsimilar
phenomenon has been ¢learly cobserved [54] for an A1,;}; single crystal

implanted with Ti and Cr. RBS spectra obtained on this material in the
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Fig. 25. Calculated excitation curves for proton bombardment on Mg0 single
crystal subjected to 180, gas/solid isotopic exchange at 975°C/311.4h. Solid line for
D = 2.4x10-19 cm? s-1; dotted line for D = 7.4x10-19 cm2 s-!; chain-dotted line for D =
7.4x10-20 cm2 s-1, (O) experimental points.
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channeling mode shaw the creation of an amorphous layer due to the
implantation process. They also show recrystallization due to
annealing, and a loss of the inicially implanted impurity.

Loss af implanted LBD* has also been observed in NiQ single
crystals [55]. Far that material it is attributed to evaporation of hiU
during diffusion annealing. By annealing two implanted NiQ specimens
simultansously with the implanted surfaces in contact, the lgss af 190
was reduced. The same procedure was tried in the present work. Two Mgl
crystals implanted with 1017 ions cm~¢ were annealed at 1200°C with the
implanted faces in contact., The loss of 180 was approximately the same
as in the case of an uncovered face, f.e., none of the implanted 150 was
detected, Apparently twoe crystals in contact do not preclude the 1655
of implanted 190,

Figure 8 is interpreted by assuming that implanted 180 ions occupy
random positions in the crystal, i.e., both interstitial and lattice
sites, preciuding channeliny of incident particles. However, after
annealiny at temperatures as low as 700°C, chanereling is observed, indi-
cating that implanted B0 ipns have Jeft interstitial positions
Therefore, channeling paths which were initially occupied are now empty.

To sum up, adopting this method of tracer introduction for self-
diffusion studies requires full understanding of the behavior of tne
material during implantation as well 45 a systematic characterization of
radiation damayge and structure modificatiom, and its conseyuence tp

the diffusion process.
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fnalysis of Gas/3olid I[sotopic Exchange Results

Oxygen salf-diffusion coefficients in Mgl were determined by using
the computaticnal program described previously to convoiute eguation L0
with the experimental factors. The parameters of equation 10, i.e.,
diffusivity and surface exchanye coefficiant were adjusted in arder to
calculate the excitation curves that best fit the opserved ones, In
Fig. 25 fits for different parameters are shown, The best fit, which s
the least square calculated by the computer program, is shown by a solid
Tine fitting the experimental data previously presented in Fig. 9. The
calculated oxygen diffusivity for this particular temperature (975+6°C)
was 2.4 x 10-17? cm2/s, and the surface exchange coefficiant was
5.8% x 10-19 cm/s. The same procedure was followed for samples sub-
Jjected to different annealing time intervals and temperatures. Table 3
presents the diffusion coefficient values as a function of temperatures.
These values are plotted in Fig. 26 in addition to values reported by

other investigators.

TABLE 3

OXYGEN DIFFUSTON COEFFICIENTS IN Mgd

Tanperatuﬁe (°C)  time{s} Vicm s-1) b cm? -1
9756 1,121,400 (5.4%£],42)1x10-10 (2.440.6)x10-1%
8943 173,322 (7.08+1.77)x10-10 {1.70.4)x10-13

845x4 923,940 {8.111.30 Jx1g- 10 {2.910,5)x10-20
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The value 16160 kJ/mole ocotained by a least-sguare Fit of the dif-
fusivity versus the reciprocal of the absolute temperature {Fig. 26}, is
within the experimental error, in agreement with the one reported by
Rovner [32], 125 kt/mole in the so-called extrinsic region {750-975%C),
The relatively large standard deviation for the activation energy wvalue
is caused by the experimental point taken at the shorter time interyal
(48h), At this time interval the concentration profile can be substan-
tially affected by the surface exchange reaction. It has been
demonstrated [30] that the effects of surface exchange reaction an con-
centration profiles will be greater in the initial stayes of the

exchange than in the final stages.

Analysis of Results from Gas/Solid Exchanye with Electric Field

Externally Applied

The sawe procedure described in the preceding section was initially
attempted to determine the oxygen diffusion coefficient in the presence
of electric fields; equation 15, instead of equation 10, was convoluted
to calculate the excitation curve.

If the gxygen diffusivity wvalues were assumed to be electric field
indepandent and equal tg that obtained in the absence of an electric
field, the experimental excitation curves from the cathode faces could
not be fitted. A diffusivity two orders of magnitude higher did provide
a reasonable fit, But even then the field strength dependence aepicted
in Fig. 11 could not be fitted.

A simple calculation shows that the displacement of the concentra-

tion profile caused by the electric field, ax = pEat, is of fhe same
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order of magnitude as the depth penetration, xo?/Dat for the experimen-
tal conditions. The electric fields used in the present work ware too
small to produce a measurable difference between the concentration profi-
1es in the absence of a field and that with 2 fiela. Therefore, excita-
tion curves in these two cases should be similar for a set of parameters
curréspnnding to a short diffusion run. Figure 27 shows The calculated
excitation curves obtained for LEJ diffusion without field, and in the
presence of 300 V/em., Indeed, the difference oetween them is too small
to be observed. However, Fig, L0 shows the abserved excitation curves
for a sample subjected to 90 Y/cm. even for this low field, a larye
difference s observed between the excitation curves for the cathode and
for the ancde faces. Therefore, the results are inconsistent with only
an oxygen diffusion process.

Another mechanism of mass transport is proposed to expiain these
results: ionized magnesium vacancies V;g drift to the anode causing a
corresponding drift of magnesium ions to the cathode. At the catnode
these My ions react with 130, forming a Mg 180 layer. Since magnesium
diffusion is some arders of magnitude greater than oxygen diffusion in
Mg, such & mechanism can produce the very large effects observed. The
field strength and time dependence of the excitation curves are con-
sistent with a mechanism of mass transport of magnesium induced by an
electric field. 1if this process is assumed, then the thickness of the
formed oxide film can pe used to deduce the mobility of My fons, and the
cationic transference sumber., From these, the Mg self-dfffusion coef-

ficient can be calculated.
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For the convolutien calculation, the lB) concentration prafile
of the My+80) film is approximated by a step functivn withn & nonzero
constant value from the surface of the material to some depth. Seyond
this depth, it is assumed tnat the caoncentration profile is controllad
by 190 thermal diffusion with an appliea electric field. For the sake
af completeness, egquation 15 is used, although as discussed above the
electric field has no measured effect on the 1807 diffyusivity. The Mgl3p
film thickness, ax%, is adjusted in grder to cbtain a best fit petween
the calcylated excitation curves and the gbserved ones,

As discussed early in this chapter, the convolution process pro-
duces "theoretical" excitation curves from given concentration profiles,
Such curves are compared with the experimental data and adjusted to fit
it. However, there is a finite number of experimental points taken at
eneryy values that differ by 1 KeV, which Correspond to approximacaly
100 A in & depth scale, Therefore, it is estimated that, due to the
1imit imposed by the experimental resolutian, a detaiied shape curye
canmngt be resglved for depths smaller than 200 A. The determinatian of
the total amount of %0 proyide a guantitative anaiysis in these
regions, For htgh penetration depths, the experimental resolution is
sufficient to provide a shape resolution for the excitation curves., For
these cases the experimental data cannot be fitted with any reasonable
diffusion profile caused by oxygen gdiffusion. Profiles having a step
function shape yive reaspnanle fits. For staplicity, a step function
was used in each case since jt i1s consistent with the physical nature of

3 growing oxide film, It should be noted, however, that better fits
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were obtained if an ensemble of step fupctions were used. {t may be
that such an ensembie represents irrequiarities of the actual surface.

The mobility and diffusivity of U;g are calculated from equations
28 and 29, respectively. The vacancies are present as charye compen-
sation due to the presence of Fedt, A13*+, and Cr3* impurities. The
vacancy concentration is estimated from equation 4 Dy using the detected
impurity concentration (see p, 29}, Any error in this estimation
affects only the absolute value of the diffusion coefficient, but not
the activatien energy for migration. The ?;g concentration will be
affected by impurity precipitation which happens over a range of tem-
peratures. Prodesses such as precipitation of impurities and dissolu-
tion of precipitates might be indicated by a sharp change in the
activation energy observed over a range of temperatures.

The experimental excitation curves shown in Fig. 15 are now
regplotted in Figs. 28, 29, 30, and 31 along with the calculated exci-
tation curves. These curves show a secondary peak between £45 and 650
KeY caused by the increase of cross section values and decreasze of 1B
cgncentration. Experimentaily this peak has not been resglyved, The
gxide film thickness corresponding to the oxidation of Mg ions drifted
tg the cathode is then determined from these fits as a function of fem-
perature. The calculated mobility and diffusivity are given in Table 4
and are plotted in Figs. 32 and 33, respectively, as a function of
reciprocal temperature. The activation eneryy is calculated by the

least-squares fit of the three points at T a 1168 X to eguation 11. The

snlid lines in those figures show the best fit of equation 11.
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The diffusion coefficient is given by

kl

rm< 215+18 )
Oypglae) = (0.3:0.3)exp ]:-[T] kd,.-’rnule:’ . (30|

If the least-sguare fit of a1l points in Figuras 32 and 33 to equation 11
ts taken {indicated by dashed lines}), the activation eneryy will be

higher as given by the faliowiny equation:

Dyy,(cm2/sec) = 19.,8+5.0)x10%xp - 388269 kdfmnlej . (31)

TABLE 4

MAGNESTUM WACANCY MOBILITY AND DIFFUSIVITY [N MgQ

Temperature Time AR T (T ATIN O cmi/s
(X} [sec)
1118+3 501420 227 (B.83=0.901x10-11  {4.250,43)x1y-12

11683 173322 11114 {1.3140.17}x10-3 (6.29:0.86)x10-1:
12041 26936 92zl2 {2.,16=0.28}x10-2 (1.12+0,15 px1g=10%
1246x] 173334 409+74 {4.81+0.87)x10-% {2.58).47)x10-19

*Oata from Fiyg. 35.

The data at T » 1168 are better fitted Dy eguation 30. Both acti-
vation energy and pre-exponential values yiven by this eguation are in
better agreement with the results raported for Mg diffusion in Mgl (see

Taple 2]. The propased model of My fon drift to the cathode by vacancy
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mechanism is then confirmed Dy these results, Furthermore, the activa-
tion energy value obtained in this wark indicates that the defects are
extrinsic as a consequence of the presence of aliovalent impurities.

Equation 31 shows higher activation enerqy when the lower tem-
perature data is included. This walue of mobility at the lowest tem-
perature may be an indicationm of impurity c¢luster formation. Further
experiments are neaded te determine if precipitation of aliovalent ions
is the relevant factor. The precipitation process has been observed at
A00°C [56]) with iron dmplapted in Mgl, forming oxide precipitates and
spinel ferrite, [t is also known that the solubility of 51 in Mgl is
very low at T< 1200°C [38]. C€r3* has been observed to be reduced by
electric fields of 1000 ¥/cm at 1100°C in MyQ [57]. Surface seyreyation
of aluminum by spinel precipitation has oeen observed in My( [58,%9].
The yrowth of the spinel precipitates at the surface is observed for
T » 800°C but not for lawer temperatures, eyen aver a periga of several
hours.

The vacancy mechanism for atomic diffusion reguires a nearest
neighbor vacancy. Hepce, the jump rate of am iom is proportional to
the vacancy concentration. However, the vacancy itself can jump to any
of the occupied nearest neighbor pasitions and therefore tneir jump rate
is independent of the concentration., Thus, the diffusior coefficient
for vacancies does ngt depend on the vacancy concentration for small
defect concentrations [44].

The vacancy diffusion coefficient, Dy, is related to the random
diffusion coefficient, Dp, by

Dp = ¢ Dy (32}



-

R

84

where ¢ i$ the vacancy concentration, Equation (32} is only valid when
the diffusion is completely random and the successive jumps are indepen-
dent, 1.e., uncerrelated. In the measurement of the diffusion of tra-
gers, this assumption 1s not fulfilled since each jump depends on the
preceding one. Therefcre, the diffusion of the tracer atom is no longer
uncorrelated. However, the vacancy can jump to any one of its nearest
neiyhbors, while the tracer atom can only jump to the vacancy site.

The diffusion coefficient for cprrelated diffusien of a tracer atom
in a4 cubic ¢rystal is giver by

A (33)
9
where f is the correlation factor and Ny the fraction of vacant My
sites, For vacancy self-diffusion in face-centered cubic crystal, f =
0.72 [46]. MNy 1s estimated to be 5.45x10-% from the vacancy con-
centraticn value calculated by eyuation 4.

In order to compare the magnesium self-diffysion coefficient
obtained in the present work with results_previuusly reported, Bmg is
caiculated from equation 33. Table 5 shows DMy as a function of tem-
perature,

Figure 34 snows the magnesium self-diffusion coefficient values
ecbtained in this work as a function of reciprocal of the temperature,
Values previously reported are also piotted for comparison, Indeed, the
values in the present work are in good agreement with the ones expected
by extrapolating the higher temperature values.

In order to substantiate the validity of the model proposad for

mass transport under influence of electric fiald, the time, and field
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TABLE B

MAGNESIUM SELF-DIFFUSION CORFFICIENT IN M40

Temperature {K) Dmg {em2/s)
1112+3 (1.81+0.18)x10-1%
11633 (2.8080.37) %1015
1204+1 (.75 .64 )x10-15
1246+12 (1,1020,20)x10- 1

strenyth dependence were analyzed. Ry rearranging equation {27)

CM.J.at
A% = ITF

{34)

Hence, a linear dependence between ax, the MglBD film thickness, ana at,
the time interval, is expected. The experimental excitaiion curves
shown in Fiy. 13 for the near cathode reyion are plotted in Figs.
35, 36, and 37 with the curves obtained from the convolution program,
Time intervals varied from 24 h ta 96 h, wnile temperature and field
strength were kept constant. Figure 38 shows ax calculated from the
curves as a funciign of time interval st and JE“.. A linear dependence
between ax and at is observed, as eipected or drift mobility.

Followiny the same procedure, the dependence between ax and E, tne
field strenyth, was analyzed. By rearranging eguation (27} and replac-

ing the current density by eguation (17)
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&R =37 * {35}

Again a linear relation between ax, the Mgi®0 film thickness, and E, the
electric field strength is expected, as a characteristic of drift mobil-
ity.

From the calculated excitation curves plotted in Figs. 39
through 43, Ax was calculated for field strengths of 14, 90, 300, 1000,
and 3000 ¥/cm, respectively. Fiqure 44 shows the linear relatian
between Ax and E.

Hence, the abserved variation of the excitation curves with time,
temperature, and field strength are consistent with the model proposed
for mass transpert by magnesium vacancies,

An estimate of the average transference number for any run can be
made usinyg eguation 25. The results, ootatned from the experimental
value of the film thickness ax and current [, during the run, are yiven

in Table 6.
TABLE 4

CATIDNIC TRANSFERENCE NUMBER IN Mgd

T (K] teationic
12434 0,370,172
1720623 O.48+0,11

11683 (.45 0,11
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These nhumbers are in agreement with the ones reported at 1428 K and
1507 K for ¥Mg0 eguilibratec in 1 atm of oxygen [43). A relatively large
fraction of ionic motion is still obseryved at 1168 K indicating that
ipnic transport is correlated to extrinsic defects independent of the

| temperature.

Results for Cr-Doped Mg

In the preceding section, evidence for magnesium ion drift by a

vacancy mechanism was presented. Extrinsic vacancies were assumed to be

due to the presence of alievalent impurities. [In this section, an addi-

tional experiment is presented to substantiate that assumption.

A MyD sampie cantaining 1500 pg/g chromium was subjected to an
glectric field of 1000 v¥/cm during 24 h at 930°C. A sandwich was made
aof a nominally pure Mgl sample and a Cr doped sampie in wnich the anode
\ was placed between the two samples. The cathode of each samplie was
brought out of the furnace separately. Thus, both samples experienced
identical electric field and 190 atmasphere. The agbserved excitation
curves obtained from both the cathode and anode faces of each crystal
are shown in Fig. 45.

It is obvious from these data that the concentration of 220, as well
a5 the depth of the oxide layer, are higher near the cathode regian of
the Cr-doped Myd than the cathode ragion of the nominaily pure Mgl. The
anode regions for bath samples show lower 180 concentration in agreement
with previous resylts.

r The solid lines in Fig. 4% are the calcuiated excitaticn curves,

following the procedure dgescribed in the preceding section. From these
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surves the Mgl¥) film thickness is determined to he 3540+350 A for the
cathode of Cr-doped Mg, and 851:102 & for the cathode of nominally pure
M.

Chromium shows some influence on the electrical conductivity of Mgl
(603. EPR measurements show that chromium normally is in the 3+ valence
state in untreated Mgl, and reductian or oxidation has no wajor
influence on the Crit concentration [A0], Therefore, the concentration
of v;g ts calculated from equation 4, knowing the concentration of
Crit, However from the calculated excitation curve, it is estimated
that only 30% of this comcentration is taking part in the transport sro-
cess, This result is in agreement with the decrease of Crit con-
centration detected by EPR measurement af Mgl samples subjected to 100D
¥/cm at 1100°C [57]. The disappearance or large decrease of apsorption
lines due tg Cr3* indicates that Cr3* is changing its charge state,
probably to Cre*. Moreover, Cr might be present as pairs and triplets
which will influence thefr participation in the ionic tramsport process.

The catipnic transference number was calculated from eguation (25).
For Cr-doped My t-5¢ = 0.8020.15, which is higher than the ome calcu-
lated for the nominaliy pure Mgl (L.-a4=0.%4+0.10). This indicates that
the agditional chromium is increasing the ionic transport by increasing
the extriasic vacancy concentration.,

Finally, a simpie calculation of evaporation rate {61] shows that
the fraction of materiai lost by free evaporation at 930°C during the
time intervals of the present work is negligible and should not
influence the results. For instance, at 930°C the loss of material in

vacuo would de 1.60 x 10-12 g/cmZ s, For a period of 24 h, material to
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a depth up to 4 A is Tost, This deptr 15 far less than either oxyyen
diffusion penetraticn or buildup af Mgl90 layers on the surface, e.y.,
for an electric field of 1000 ¥/cm a f1lm thickness of 700 &, which is
at least two orders of magnitude higher, has been determined for the

samg period of time.

RBES Analysis

The RBS spectra depicted on Figs. 17 and 18 show that for samples
annealed in an electric field 18); can be detected. Moreover, a depth
penetration on the order of 1000 A and a 190 isotope concentration af
Sx10t5 ¢cm=2 are estimated. These numbers are in ynnd agreement with
the ones obtained by the convalution proyram applied to the excitation
curves of the 130{p,a)1°N muclear reaction. In fact, the RBS spectrum
depicted in Fig. 18 is very impressive since 19) can be resoived from
180, According to L'Heir et al. [52], the 1B) concentration profile on
oxtdes or silicates "has no effect" on RBS spectra near random posi-
tions. Our results show that in the particular case of a sample sub-
jected ta an electric field, the 180 peak is observed in RBS spectra.
Hence, these results confirm that Mgle®0 film is present on the surface
@f the cathode, From the RBS spectra in the channeling mode (Fig. 1%
and 20}, surface peaks for 180 and 18] are gbserved for both crystals
(without, and with field), This result is expected since a fractiom of
1B} of the crystal surface is exchanged with 180 in the gas phase in
both crystals. However, there is no indication whatsoever of 130 in
interstitial positfons or aistortion of the crystalline structure in Myd

subjected to electric field. The a-particles are very well channeled
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and the scattering surface peaks are well resgiuted in the RBS spectra

in the channeling mode.

SEM Analysis

A significant alteration of the surfaces in contact wiih the
electrodes is detected wnen fields » 1000 ¥/cm are applied. Figures 21
and 7?2 show SEM micrograpns taken from the surfaces kept in contact with
the cathode and the anode during the diffusion anmealing with an applied
field of 1010 ¥/em, The micrographs were taken by tiltiny the surface
45% from the ngrmal with respect to the electron beam. At Tower magni-
fication (70X} spots created by the contact between the crystal surface
and the platinum gauze are ooserved. The same type of distributicn is
ghserved on both surfaces {cathode surface, Fiy. 21{n}; anode
surface, Fiy. 22{n). For fielas of 300 ¥/cm, none of these alterations
are observed with SEM, however, visual observation of the surface with
optical microscope shows that alteration of color and reflectivity has
occurred at points of contact. As the figld strenyth 1s lowered, it i3
more difficult to observe these effects.

Throuyh the present work a position and time independent electric
field was assumed. [t should 2e pointed out that this assumption is
only an approximation to the actual experimental condition. Potential
profiles alony the thickness of Mgl crystals have been measured [62]
during the application of an electric field {strenyth of IUD0 v /cm at
1473 K). Several profiles have been reported, depending an the lavel of
dc current that crosses the sample. The potential is nonlinear and

asymmetric with respect to the center of the sample immediately after
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the voltage application, However, the patential varies with time, and
eventually a linear dependence on distance is reached. The electric
field strength, which initially was much higher in the region near the
electrodes, becomes constant.

The platinum gauze used as electrodes will cause a surface field
distributian with relatively higher strength in the contact region. It
is this higher field strenyth whicn causes the contact peint con-
figuration observed in the SEM micrographs. In the case of lower field
strengths, these higher field spots were not sufficient to produce any
detectable alteration on the surface. However, the excitation curves
from the nuclear reaction shouwld not be affested because the analysis is
averayed amongst the contact points and the surroumding area, The pro-
ton beam used for the nuclear reaction has a diameter of 2 mm norinal
to the beam direction. Theretore, the area covered by the deam encom-
passes several paints of contact between the sample and the platinum
gauze. The a=particle count is an average of two regidns: the contact
points and the surrounding area an the surface. But it has been esti-
mated by the SEM micrographs that the contact points are appraximately
B% of the total area encompassed by the proton beam, Therefore, the
effects of the spot areas on the measurement is small. Indeed, dif-
farent surface regions were analyzed by displacing the protan beam on
the surface of samples, without showing any substantial difference
amony the excitation curves. No differance was observed, even when
platinum ygauzes of different mesh size {45 and 100 mesh) were used.

The experimental excitation curves obtained from the anode surfaces

(Fig. 12} of sampies subjected to electric field and simultanecusly to
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180, gas/solid isotope exchange, fall into the ranye expected for oxygen
diffusion in Mgl but they exhibit some differences among themselves.
The reason for these differences are not yet understood. Similar

discrepancies have been gbserved by Gauthier et al. [43] in dilacoulo-

metry experiments,



CHAPTER VI
CONCLUSTONS

i) The use of impiantation methods for introducing tracers in dif-
fusion studies is not feasible fgr 1B in Myl; a systemetic study of
the effect of implantation damage om the diffusion processes is first
necessary. The loss of the implanted !B during the diffusion anneal
indicates a much higher diffusivity toward the surface than that
expected for bulk oxygen diffusion,

i1} Gas/solid isotopic exchange has been used to introduce the
tracer 130 in Mg0. The oxygen self-diffysion cpefficients obtained from
these analysis are in good agreement with data reported by using
-B0, yas/solid isotopic exchange and mass spectrometer analysis.

iii) The oxygen stable isoctope can also be used in determining the
cationic ditfusion cgefficient if an external electric field is applied
simuitaneously to the yas/solid isotopic exchange. The magnesium sel f-
diffusion copefficient was determined by this technique in the ranye gf
temperatures #)0-1000°C. These results are in gond agreement with the
extrapolated higher temperature data. The activatian eneryy and the
pre-exponential vaiuas inferred from these data indicate that diffusion
is by a vacancy mechanism.

iv) Cationic transference numbers were determined by measuriny the

inteyrated current that flowed througn the samples during the arneals,
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v) The measured Y80 concentration in the cathode region is always

* higher than-in the anode region. The higher 180 concentration is attri-

buted to the oxidation of Mg ions at the cathode. Mg ions are drifted
toward the cathode as a conseguence of U;g drift toward the anode due to
the electric field. Extrinsic V;g are due to aliovalent impurities
replacing Mg jons in the crystal lattice.

vi] Mgl containing 1500 py/y chromium shows higher 1BO con-
centration in the cathode surface than nominally pure Mgd. This result
supports the assumption that V;g are present due to trivalant impurities.
However, the vacancy concentration involved in the transpart process
calcylated from the thickness of the Mgle0 layer is about 30% of the
value expected from the chromium concentration. This result i3 expected
if a transition Cr3* « Cri* occurs due to the electric field or if some
of the Cr precipitates.

yii} The present results confirm the migration of negatively charged

1

ionic species (Ymy) toward the anode electrode as assumed in discussions

of electric degradation af MgQ,



CHAPTER VII
SUGGESTIONS FOR FUTURE WORK

Weeks at al. [20] showed that electric current flowing throuyh MgD
samples due to electric fields in the order of 1000 ¥/ocm increases with
time, leading to dielectric breakdown after 100 h at 1200°C. Since
there is a controversy concerning the relative impgrtance of electronic
and ionic conduction in the degradation mechanism, the present technigque
could be applied to determine the cation transference number as degrada-
tion progresses. The sample would initially be equilibrated in 1%0,
atmosphera, and after reaching a selected current level, leQ, would be
replaced by 180.., The nuclear reaction technique could be used to ana-
lyze the 180} concentration on the cathode region. By knowiny the
current value, the cationic transference number can be determined.

Since it has been reparted [62] that the addition of jmpurities such as
Cr, ¥, Fe, and Ni accelerates the degradatiocn, a comparative study of
the transference number on Mgl coped with those impurities could be done
by using the present technigue. In fact, data for Cr-doped MgQ show an
increase in the cationic transfersnce number compared with nominally
pure Mgd. Ni-doped Mgl miynt be a particularly interesting system,
since Wi is the only specie among impurities observed to speed up the
deyradatign that cannot ba found in the trivalent state.

The technique davaloped for Mgl and described in this wark yields a

large amount of transport information. [t would be uyseful to determine

.......
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cationic transference number and to identify the contribution of dif-
ferant vacancy types in the transport processes for other insulating
oxides such as MyAl,0, spinel, YAG, and Al,0q.

Tne loss of implanted 18] after annealing s nat yet understood.
RBS in both random and channeling modes can provide a surface charac-
terization of Myl implanted with 1280 and lead to better interpretatian
of this effect. Passible amorphization of the implanted region and
recrystaliization after annealing can be detected by this technique,

since channaling is very pronounced in undamayed Myd crystals.
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