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Abstract—Aiming 1o study the effect of crystallographic parameters of interphase boundarics on their
properties the method has been developed of growing bicrystalline specimens with single interphase
boundaries, whose misoricntation parameters are given by the single-crystal sceds. The system of the
{001> tin—germanium twist interphase boundaries has been chosen for the study, being similar
geometrically to the {100} twist grain boundaries. the orientation dependences of the surface tension of
these boundaries has been obtained, as well as those of the parameters of the boundary diffusion of indium
at various tcmperatures and pressures. The minima of surface tension and maxima of activation
parameters of the boundary diffusion (energy and entropy of activation, activation volume) correspond
to the positions of special boundaries within the frameworks of coincidence sites theory. It has been also
shown. that special interfaces may correspond to both mirimum and maximum diffusion coctlicient at
a maximum values of activation parameters. The real situation is determined by the position of the so
called compensation temperature with respect to the temperature interval studied. The numeric valucs of
preexponential fuclor and activation volume of the boundary diffusion obtained make it possible to
assume, that diffusion mechanism along special interphase boundaries differs from that of noncorrclated
random walks of diffusing atoms. This is, to our opinion. connected with the ordered structure of special
interphase boundaries.

Résumé—Pour etudier I'influence des paramétres cristallographiques des joints de phases sur leurs
Propriétés il a é1é élabore un procédé de croissance des échantillons bicristallins aux joints de phasces isolés
dont les paramétres de misorientation sont déterminés a I'aide des germes monocristallins, Pour I"étude
il a ¢té choisi le sysieme des joints de phases de torsion {00t} etain-germanium analogue, en scns
geometrique, aux joints de grains de torsion ¢1003. Sont oblenues les dépendances d’orientation de la
tension superficielle de ces joints de phases ainsi que celles des parametres de la diffusion intergranulaires
de I'indium 4 des temperatures ¢t pressions différentes. Les minima de la tension superficielle ¢t les maxima
des paramétres d activation de la diffusion intergranulaire (I’cnergie et 'entropic d’activation, du volume
d'activation) correspondent aux positions des limites particuliéres dans les cadre de la théoric des réseaux
de noeuds coincidants. 11 est démonstré quaux interfaces particulieres peuvent correspondre tant les
minima que les maxima du coefficient de la diffusion 4 des valeurs maximales des paramétres d’activation.
la situation réelle est déterminée par la position de la lempérature dite de compensation par rapport
I'intervalle ¢tudiée de températures. Les valeurs numériques obtenues du facteur préexponentiel ¢t du
volume dactivation de la diffusion intergranulaire laissent 4 suppaoscr que le mécanisme de diffusion par
les joints de phases particuliers différe du mecanisme des migrations accidentelles non corrélationnelles
de 'atome en diffusion. Cela est lié. a notre avis, a la structure ordonnée de joints de phases particuliers.

Zusammenfassung—Zur Untersuchung des Einflusses kristallografischer Parameter der Phasengrenzen auf
ihre Figenschaften wurde ein Verfahren zur Zichtung bikristalliner Muster mit einzelnen Phasengrenzen
entwickell. deren Desorienticrungsparameter mit Hilfe der Einkristallimpfkeime vorgegeben werden.
Fiir dic Untersuchung wurde das System der Phasengrenzen der Verdrehung (001> Zinn-Germanium
gewiihlt, das im geometrischen Sinne den Korngrenzen der Verdrehung <100} dnhlich sind. Es sind die
Orientierungsabhiingigkeiten der Oberfliichenspannung dieser Grenzen und die Orientierungsabhiingig-
keiten der Grenzdiffusionsparameter von Indium bei verschiedenen Temperaturen und Driicken gewon-
nen. Dic Minima der Oberflichenspannung und die Maxima der Aktivierungsparameter der
Grenzdiffusion (der Aktivierungsenergie, der Aklivierungsentropie, des Aktivierungs volumens) ent-
sprechen den Lagen der Sondergrenzen im Rahmen der Koinzidensknotengitter. Es ist auch gezeigt
worden, dass den Sonderphasengrenzen sowohl die Minima als auch dic Maxima des
Diflusionskocffizienten bei maximalen Werten der Aktivierungsparameter entsprechen kénnen. Die reale
Situation wird durch dic Lage der sogenannten Kompensationstemperatur in bezug auf das untersuchte
temperaturintervall bestimmt. Die gewonnenen Zahlenwerte des Vorexponentialtacktors und des Aktivier-
ungsvolumens der Grenzdiffusion erlauben anzunehmen, dass sich der Mechanismus der Diffusion an den
Sonderphasengrenzen von dem Mechanismus der unkorrellierten zufilligen Wanderungen des
diffundierenden Atoms unterscheidet. Dies ist unserer Meinung nach mit der geordneten Struktur der
Sonderphasengrenzen verbunden.
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1. INTRODUCTION

In the recent 20-30 years considerable progress has
been achieved in the study of interfaces in solids:
grain boundaries and interphase boundaries. Most
fundamental feature of interfaces is a considerable
dependence of their structure and properties on crys-
tallographic parameters of the boundary (misori-
entation axis, misorientation angle, etc.). Up to now
a certain amount of experimental data is ohtained
dealing with the structure of grain boundaries and
mnterphase boundarics in crystals. Theoretical models
of these interfaces are already created [1, 2]. At the
same time the properties of the interphasc boundaries
and of grain boundaries were studied quite
differently. For the grain boundaries the effect of
crystallographic parameters on their properties is
studied rather thoroughly: mobility [3, 4], character-
istics of boundary diffusion [35, 6], surlace tension [7].
This is not the case for the interphasc boundaries.
The reason is that the grain boundaries’ properties
were studied [or a fong time on bicrystals, whose
methods of growth arc well developed. The inter-
phase boundaries so far were studied only in poly-
crystalline specimens. Only in recent years the works
appeared dealing with the study of the properties of
the interphase boundaries on bicrystals, obtained by
diffusion from melts [8]. sintering of crystals. fol-
lowed by interdiffusion of components [9]. However,
there was no method, enabling to grow the equi-
librium  two-phase bicrystal  with given crys-
tallographic characteristics of boundaries from melts,
similar to the method of growing bicrystals with the
grain boundaries.

The method developed of obtuining the bicrystals
with the single interphase boundary, all whose crys-
tallographic parameters may be controlled on grow-
ing (the idea of the method is given below) made it
possible to obtain the orientational dependences of
thermodynamic and kinetic properties of the inter-
phase boundaries.

2. METHOD OF GROWING BICRYSTALS
WITH A SINGLE INTERPHASE
BOUNDARY

Our method of growing is suitable {or a limited
number of systems whose components form a simple
eutectic diagram, where cutectic temperature 7 is
close to the melting point of one of the components
T, (component A), while mutual solubility of the
components in a solid state is negligibly small (Fig.
1}. During solidification of such systems the so called
anomalous eutectic is formed. The value of the ratio
of the solidification entropies AS,,/AS,, in such
systems is not equal to unity. Since 7, =T,, the
solidification of A starts only after completion of
solidification of component B. Let us put the crystal
of component B into contact with the melt of com-
ponent A at a temperature of 7, slightly exceeding the
eutectice temperature 7. In this moment the crystal
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Fig. 1. A degenerated simple cutectic diagram.

B dissolves partly in the melt of component A
because the temperature of the melt exceeds the
eutectic temperature. The crystal of component B will
serve as a primary crystal occurring on solidification
of the melt based on A and B. Directional
solidification of this system leads to the formation of
a bicrystal with a single interphase boundary between
the crystals A and B. On sufficiently slow
solidification the excess of B, solved in the melt of A
again crystallizes on the surface of B. Crys-
tallographic parameters of the interphase boundary
obtained are determined by the orientation of a single
crystal B and a single-crystal seed A.

We have chosen for the study the system
tin-germanium  where  (AS,5./AS,) = 0.53[11],
Ty~ T,s. [12], while mutual solubility in a solid state
is negligibly small [12]. Long single crystals of germa-
nium were placed on the single crystal of tin, whose
end was set on the water-cooled holder.

According to the cquilibrium phase diagram of
Sn—Ge [12] about 1-1.5 at ;. of germanium dissolves
in tin melt at 240°C. The thickness of dissolved
germanium layer exceeds 20 um, because the thick-
ness of tin crystal is about 2mm. Thus the con-
tamination layer has been removed and dissolved in
the melt before the formation of the tin-germanium
interphase boundary. From this viewpoint the
method proposed is equivalent to the classic method
of growing bicrystals {rom the melt in single phase
systems. The process of directional solidification was
carried out in a graphite crucible under pure argon at
the melt temperature not exceeding 240°C and
solidification rate of ~ 10 "* mmy/s. Equilibrium of the
phase composition and absence of germanium precip-
itations in the bulk of crystallized tin were analysed
with the help of the electron probe microanalysis and
scanning electron microscopy (with magnification up
to 40,000 x ). The crystals of both phases were found
to have equilibrium composition up to the interphase
boundary, the boundary being plane and there were
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no eutectic layers or germanium precipitates in tin
crystal. Theoretical estimations show, that even after
formation of such layers or precipitations with the
size less than 1-1.5 ym, these nonequilibrium for-
mations due to the action of the surface tension by
means of the bulk or surface diffusion should dis-
appear respectively in 10 or 0.1 s {13]. This time it
is by several orders less than the period during
which the bicrystals are subjected to the premelting
temperature on growing,

The specimens were grown with the twist inter-
phase boundaries, whose plane was perpendicular to
the {100 axis of germanium and {001} axes of tin.
Misorientation angle ¢ varied from 0 up to 457, At
¢ = 0 the directions (100} of tin and germanium are
parallel. The lattice parameters of tin and germanium
in the boundary plane differ by 3%, therefore, there
exists a geometrical analogy between these interphase
boundaries and twist grain boundaries with a com-
mon {100} axes.

3. SURFACE TENSION OF THE
SINGLE INTERPHASE TWIST (001}
TIN-GERMANIUM BOUNDARIES

The surface tension of the interphase boundaries in
many cases determines the character and evolution of
microstructure of the multiphase systems. However
the surface tension of interphase boundaries is known
only for a limited number of systems. The method
of mecasurement applied allowed to determine only
values averaged over all boundaries in a crystal,
while there are no data concerning the effect of
crystallographic parameters on the surface tension of
the interphase boundaries.

We determined the value of the surface tension of
the interphase boundaries g, using the parameters of
the thermal groove [12], which is formed at the site
where the interphase boundary meets the specimen
surface. To form the groove, preliminary polished
specimens were annealed in the argon atmosphere of
high purity at 220°C for 35h. This time is quite
enough for the dihedral angles at the groove top to
reach the equilibrium value. Development of the
groove profile at the exit of the interphase boundary
to the specimen’s surface differs from the process of
formation of groove in the grain boundary: the
groove on the interphase boundary is asymmetrical.
The dihedral angles between the boundary plane and
the outer surfaces of germanium and tin (0, and U,
accordingly) differ from one another, and here
0. < Ug,. If initially the specimen surface was plane,
the interphase boundary was perpendicular to it, and
surface tension of the interphase boundary o, was
less than surface tension of germanium o, (65 < 0¢,),
then the development of the groove profile is limited
by the process of thermal etching of germanium
(since the anealing temperature is ~ 0.4 7). Sur-
face tension of the interphase boundary 1s determined
from the condition of equilibrium of forces in the
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place of the interphase boundary show on the surlace
{Herring’s equation)

U;J:Ug]e+6§n+2a(ic G €08 (U, + Og,) (1)

where g, 1s surface tension of tin. Besides, for cos
Dsy ge € 1 we have
cosly, X

_ e _
B an /]’ (2)

cos ()
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where X, and X, are the linear sizes of the groove
along the X axis. In the case when the formation of
the groove of thermal etching is controlled by a
surface diffusion, and the mutual difTusion of com-
ponents on the interphase boundary can be neglected,
then, accordingly to [15] the magnitude f} is equal to

) Do Qb v\
/), =< Ge O Ge 24Ge ‘(n) (3)
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where D¢, D%, are the surface diffusion coefficients,
Vie Vgp are the surface atomic densities: Q.. €,
are the atomic volumes of germanium and tin
accordingly.

Combining (1) and (2), for the magnitude of
relative surface tension of this interphase boundary

we obtain
2 ? 2
(ﬂ) =(Um l> +G(;t(l ¢ l) cos Oy, (4)
Osu T Tsn f ‘

The magnitudes cos O, and ff = X,/ X ¥ ure deter-
mined experimentally. The magnitude oy, was con-
stant in our experiments and equal to surface tension
for the (100) plane of tin.

We had carried out the calculation of the orien-
tation dependence of a.,, assuming that g, is propor-
tional to a reticular atomic density. The calculation
showed that besides the narrow field of the ¢ angles
(9o =0 +2"and ¢ =4+ 45", where surface tension
is lower) the average wvalue can be used
Oce s, = 1.61, caleulated for T =~ T, by the duta of
[16]. Thus we can assume that the torque terms in
Herring’s equation are negligibly small. The groove
profile was measured with the help of Linnick micro-
interferometer, using a helium-neon laser as a source
of light. For more precise determination ol a, up to
250 profiles were meusured on each specimen. When
calculating the absolute values of g, for the inter-
phasc boundaries the surface tension of tin was taken
0.650 I/m? [16].

Figure 2 shows the dependence ol surface tension
of the (001> twist intcrphase tin-germanium bound-
aries on misorientation angle. This dependence is
nonmonotonous. The surface tension varies within a
given angle interval from 4.427 up to 0.45 J/m°. The
boundaries with the angles ¢ =2, and 40" corre-
spond to the minimum of the surface tension. Angles
30" and 40" are close to those corresponding to the
special grain boundaries with <100 axis. Within the
frameworks of the coincidence site lattices (CSL)
theory, the grain boundaries with the value of




1358 STRAUMAL es .
Zt=13 and =35 have the misorientation angles
with respect to the common axis <1005 equal, re-
spectively, to ¢ =28 and ¢ =37"[l1].

Relatively high values of the surface tension of
the interphase boundaries studied with respect to
the value of the surfuce tension (6,2 0.76,) and
small variation interval of this value is duc to that
the tin—germanium boundaries belong to the so
called weak bonded boundaries, i.e. those between
the substances of different type, metal and semi-
conductor. Formation of these boundaries does not
lead to the formation of large elastic stresses over the
crystal volume and dislocation relaxation of these
stresses [18]. According to the authors of [18] these
are the very boundaries among which the presence of
the boundaries with the misorientation angles pre-
dicted by the CSL theory, should be most pro-
nounced. In fact, our experiments show, that the
surface tension of special interphase boundaries of
the type of special boundaries with misorientation
angles of 30° and 40° is close to that of the epitaxial
boundary with ¥ =1, corresponding to the coin-
cidence of the planes (001) and parallel directions of
<1005 in tin and germanium.

When analysing the orientation dependence ob-
tained one can conclude, that the special interphase
boundaries with misorientation angles corresponding
to high density of coinciding sites, in fact, possess the
special properties-lower surface tension, as compared
to the rest, random boundaries.

The orientation dependence of the surlace tension
obtained makes it possible to correctly analyse the
data on kinetic properties of the interphase bound-
aries: the possibility appears to compare the data
obtained not only with the prediction of geometrical
models, but also with known structural positions of
the boundaries with low surface tension.

4. DIFFUSION ALONG THE SINGLE
INTERPHASE <001> TWIST TIN-GERMANIUM
BOUNDARIES AT ATMOSPHERIC PRESSURE

In the next stage we study the diffusion of a third
component [19] along the same interphase twist
<001 tin—germanium boundaries, whose surface ten-
sion was measured in a previous section.

Indium was chosen as a diffusion element. When
choosing it we bear in mind, that diffusional removal
from the boundary will occur only in the tin bulk,
since the diffusion mobility of germanium below the

tin melting point is negligibly small. Solubility of

indium in tin weakly depends on temperature and is
quite large to enable the measurements with the help
of the electron probe microanalysis. However, the
measurements of diffusion coefficients were ham-
pered, because of the formation and growth on
diffusion anneal of the layer of intermediate y phase

tZ is the CSL umit cell volume divided by the atomic
volume,
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Fig. 2. Dependence of the surface tension of the twist 001>
tin-germanium interphase boundarics on misorientation
angle.

of the composition Sn-(12-15) at.; In. In the bound-
ary region this layer has the shape of a wedge. We
have solved the diffusion problem, describing this
process. Thereby, it was assumed, that the coefficient
of diffusion along the interphase boundary is much
more, than those of the bulk diffusion in tin and
7-phase. Movement of the boundary between tin and
7-phase was determined by the difference of diffusion
flows of indium atoms. It was assumed. that ditTusion
into volume from the surface and diffusion flows in
the volume parallel to the phase boundary may be
neglected. Diffusion flow atong the interface between
tin and y-phase was also neglected. Solution of the
problem and testing experiments arc described in
detail in{20]. It was shown, that below the inter-
mediate y-phase layer for the determination of the
coeflicients of boundary diffusion (as un assympto-
tical form of the Wipple solution) the Fisher's solu-
tion is applicable, modified on the basis that diffusion
permeability of one of the phases is negligibly small.
Correctness of the Fisher's approximation [or our
case was analysed [24, 25] and confirmed, in particu-
lar, by the linearity of the dependence of indium
concentration at the boundary €, on the depth ».

The indium layer was put on the surface of bi-
crystals electrolytically. Diffusion annealings below
100°C were carried out in a fluid thermostate, while
at 7> 100"C, in the muffle furnace in the argon
atmosphere. Four diffusion annealing trcatments
were carried out: at 40, 80, 120 and 161 C with the
duration 1360, 290, 362 and 144 h respectively. In
order to avoid additional annealing at room tem-
perature, the indium layer was put on the specimen’s
surface directly before diffusion anncaling in a cold
(5-8°C) electrolyte. After anncaling the specimens
were kept in the vessel with liquid nitrogen to be
taken from it only for preparing polishes and
measurements with aid of the electron microprohe
analysis. The accuracy of keeping the annealing
temperature was + 0.5°C.
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Fig. 3. Dependence of the value of D’ d-product of the

diffusion coefficient of indium D’ and the boundary width

4 on misorientation angle ¢ at atmospheric pressure:
1-161°C; 2-120°C; 3-80°C; 4-40°C.

Figure 3 shows the dependences of the product of
the coefficient of boundary diffusion of indium and
the boundary width D’3 upon the misorientation
angle ¢ for four temperatures: 40, 80, 120 and 161°C.
When reducing the temperature the diffusion
coefficients on all the boundaries decrease. All orien-
tation dependence of D’ are nonmonotonous. Each
of them has three maxima at the angles ¢ = 2°, 31°
and 40°. The angular positions of the maxima do not
change with temperature. With the decrease of tem-
perature over the interval from 161°C down to 40°C
the differences between the diffusion coefficients
along the boundaries with different misorientation
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Fig. 4. Orientation dependence of activation energy of
diffusion of indium along the twist (001> tin-germanium
interphase boundaries.
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Fig. 5. Orientation dependence of the preexponential fac-
tor of diffusion of indium along the twist (001> tin-
germanium interphase boundaries.

angles decrease, while the curves become more
smooth. Let us note, that the special boundary with
a low surface tension corresponds to the diffusion
coefficient maxima.

The temperature dependence of diffusion
coefficients for the boundaries with various misori-
entation angles were used to determine the activation
energy and preexponential factor of the boundary
diffusion D{ . Orientation dependences of these val-
ues are given respectively in Figs 4 and 5. These
curves, like the dependences of D’é on misorientation
angle are nonmonotonous. The positions of special
boundaries with misorientation angles ¢ =2, 31"
and 40° correspond to the maxima of £ and D} 8.

There exists a linear dependence between E’ and
Dy 6 (Fig. 6). The slope of this straight line gives the
so called compensation temperature, ie. the tem-

1 1 L |
-5 -7 -5 -3

cm3
? mol

lg (0,8 )

Fig. 6. Dependence of activation energy of diffusion of
indium along tin—germanium interphase boundaries on the
logarithm of preexponential factor,
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Fig. 7. A scheme of the dependences of the product 2’ 6 on
temperaturc at various positions of compensation point
with respect to the temperature interval studied.

perature at which the diffusion coefficients at all the
boundarics are equal. In our case this temperature
equals 27 + 1 'C and is below the temperature interval
studied. Therefore (sce scheme in Fig. 7) the special
boundaries with higher activation encrgy correspond
to the maximum values of the diffusion coefficients.
When the compensation temperature is below the
temperature interval studied, like is the case, e.g. of
diffusion of zinc along grain boundaries of alumi-
nium, then special boundaries with maximum values
of E correspond to the minima of diffusion
coefficients D’ [3, 6].

In order to measure the coefficients of the bound-
ary diffusion we also determined that of the bulk
diffusion of indium in tin D, over the temperature
interval 40-220"C. The temperature dependence of
this value is given in Fig. 8. Above 180°C our data
coincide with those literature [23]. Below 160°C the
activation encrgy of the bulk diffusion decreases
down to 49kJ/mol (preexponential factor Dgo
=2.10"%em?/s). In [24] this anomaly and features of
the compensation effect in the system we discuss in
terms of the Frenckel heterophase fluctuations.

The values of the activation energy of the bound-
ary diffusion of indium in tin do not excecd those of
the bulk diffusion of indium in germanium
(232 kJ/mole) and equal (0.17-0.34) of this value.

Let us also note high values of preexponential

sz
s

(D,

20 22 2.4 26 28 30

1007 (k)
Fig. 8. Temperature dependence of the coefficient of bulk

diffusion of indium in tin over the temperature interval
40-220"C. The black points — according 1o the data of [23].
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factor D, 6 of the boundary diffusion for special
boundaries, which correspond to the interval of the
values of coefficient D, from 2.10° up to 2.10% cm/s
(the boundary width is taken, as usually, equal to
5.10° " m). Thus, this value is by several orders more,
than the interval of the values for preexponential
factor of the bulk diffusion, being characteristic of the
bulk diffusion, occurring by means of noncorrelated
random walks (10" 2-10 *cm?/s).

Thus, when studying the diffusion of indium along
individual interphase tin-germanium boundaries over
the temperature interval of 40-160"C a number of
interesting features of this process has been revealed:
relatively high values of E'/E, where £, is the
activation energy of bulk diffusion of indium in tin,
anomalously high values of the preexponential factor
and unusual position of compensation temperature
with respect to the temperature interval studijed.

3. DIFFUSION ALONG THE INDIVIDUAL
INTERPHASE TWIST (001> TIN-GERMANIUM
BOUNDARIES AT HIGH PRESSURES

The results obtained in the first section of this
study make it possible to assume, that the mechanism
of diffusion along interphase boundaries, and. in
particular, along special ones, differs from the mech-
anism of noncorrelated random walks, the idea orig-
inates from extremely high values of preexponential
factor of the boundary diffusion. In order to identify
the mechanism of the boundary diffusion more fun-
damentally it is necessary to measure some value
directly connected with the number of atoms, par-
ticipating in the elementary diffusion act. This is the
activation volume of diffusion V*-being the
difference of the system volumes in the ordinary and
activates states. The value of V* for the bulk and
boundary diffusion was determined in [25)

e [P
7

(7/,

(5)

In our experiments the coefficients of diffusion of
indium was measured at 161 4+ 2°C and pressures of
1, 3.9, 7.2 and 11.5 kbar. Duration of anneulings was
respectively equal to 144, 36, 75 and 28 h. Anncalings
at high pressures were carried out in the chamber
with variable external mechanical supply. The silicon
oil served the medium, producing a hydrostatic press-
ure. The pressure in the chamber was measured with
the help of a manganin resistance temperature by
the chromel-alumel thermocouple. The accuracy of
keeping the pressure was about =+ 0.2 kbar.

Figures 9 and [0 show the dependences of the
product D0 on the misorientation angle for indium
diffusion along the interphase twist <0015 tin
germanium  boundarics at constant temperature
161"C and various pressures (1 bar. 3.9, 7.2 kbar)
with the increase of pressure the diffusion coeflicient
decreases along all the boundaries. Three maxima.
corresponding to special boundaries may be noticed
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Fig. 9. Orientation dependences of the product D’$ at
161'C and pressures of | bar, 3.9 kbar.

on these dependences. With the increase of pressure
the orientation dependences become more smooth.
Let us note, that when at atmospheric pressure the
compensation temperaturc at which the diffusion
coefficients along all the boundaries are equal was out
of the temperature interval studied then *the com-
pensation pressure”, at which they are also equal
along all the boundaries, 1s inside the pressure inter-
val studied and equals 8.3 kbar.

The value of activation volume of the bulk
diffusion of indium in tin according to our data, was
equal to V% =4.0cm’/mol, this being 0.25 of the
specific atomic volume of tin Q = 16.3 cm*/mol. For
comparison let us note, that for the bulk self-diffusion
in tin V¥ equals 0.33 Q [26]. It should be noted that
the activation energy of the bulk self diffusion in tin
and of diffusion of indium in tin are also close
and differ less, than by 10%. Figure 12 shows the
orientation dependence of the activation volume of
indium diffusion along interphase twist <0015 tin—
germanium boundaries. The same figure shows the
values of the ratios of ¥* to the activation volume of
diffusion. The value of F* is inside the interval
1.5-5.5 V'§. The orientation dependence of the activa-
tion volume is nonmonotonous, the maxima on it

048 (cm?/s)

1071

¢ (deg)

Fig. 10. Orientation dependence of the product D' at

161" C and pressure of 7.2 kbar.
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Fig. 11. Orientation dependence of the product D' at

1617C and pressure of 11.5 kbar.

correspond to the positions of special interphase
boundaries. The activation volume of diffusion along
the ordinary boundaries practically does not differ
from the respective value of the bulk diffusion of
indium in tin.

In our experiments on diffusion under pressure a
linear dependence is observed between the activation
volume and In D¢, 6 logarithm of the product of the
coefficient of boundary diffusion under zero pressure
Dy, and the boundary width d. In this case the value
of D;, plays the role of the analogue of the pre-
exponential factor, while V'* is similar to the activa-
tion energy. Using the slope of this dependence (Fig.
13) one may determine the so called compensation
pressure P, which is equal to 8.3 kbar. Below the
compensation pressure the boundaries with a maxi-
mum activation volume correspond to the maximum
diffusion coefficients (above P, to the minimum ones).

Similar linear dependences are observed also for
the pairs ¥* and E’ and V* —In D3 é. However, in
these cases the scattering of the values around the
regression lines is much more, than in Figs 6 and 13,
since these pairs were determined in the independent
experiments, thereby the measurements of F* were
carried out at the maximum temperature of the
interval for determination of E” and Dj .

6. DISCUSSION

The results of measurements of the surface tension
of the interphase boundary have shown, that the
boundaries with misorientation angles close to the
angles for special grain boundaries and those with
expitaxial misorientation angle, in fact, possess lower
surface tension then random boundaries. The
differences of 4, between the special and random
boundaries are small. However, the tin germanium
boundaries are the boundaries with a weak bond,
therefore, small differences of 8, correspond to large
changes of the boundary structure and, hence, they
strongly effect the kinetic properties.

It so occurred, that special houndaries correspond
to the maximum of the activation diffusion param-
elers: activation energy E’, preexponential factor
Dy 6 (or entropy of diffusion activation S" ~In D} )
as well as the activation volume of diffusion V*, The
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maxima of £’ and D;9J were observed at special
boundaries also in the experiments dealing with
diffusion along grain boundaries [5, 6]. Earlier it was
assumed [5], that since special boundaries are more
close packed, they should be related to higher activa-
tion encrgy barrier and lower valucs of diffusion
cocflicients, since an atom experiences the maximum
“difficulties™ when moving along such boundaries.
Our results show, that the ratio of the diffusion
coefficients for special boundaries to those for the
random ones are determined by the position of
compensation points with respect to the temperature
and pressure intervals studied. The physical reasons,
determining the value of compensation temperature
and pressure are so far not quite clear. Their dis-
cussion is out of the scope of this study. We shail only
note, that the compensation temperatures, obtained
when studying the indium diffusion along the inter-
phase tin—germanium boundaries are close to the tin
melting point and temperature of the allotropic trans-
formation of x tin into § tin. Connection of thc
dillusion process with the formation of heterophase
fluctuations in these systcms is discussed in more
detail in [24].

Let us further note, that the values £, D} and
V* -for the random boundaries practically do not
differ from the respective valucs for the bulk diffusion
of indium in tin. At the same time the activation
parameters ol special boundaries arc considerably
higher. As it was already mentioned, the pre-
exponential factor of diffusion along the special
boundaries is by several orders higher, than those for
the bulk diffusion while their activation volume is
several times as much as V% It is known, that the
bulk diffusion occurs by means of noncorrelated
random walks of a single atom. Thereby, the max-
imum diffusion rate is determined practically by the

¢ (deg)

Fig. 12. Dependence of the activation volume ¥* of indium
diffusion along the twist <001} tin-germanium interphase
boundaries on misoricntation angle.

INTERPHASE SURFACE TENSION AND BOUNDARY DIFFUSION

frequency of atomic oscillations, close to Debye
frequency. The fact, that the preexponential factor of
the boundary diffusion is by several orders more,
than that of the bulk diffusion may be explained only
by the difference in the mechanism of diffusion along
special boundaries from that of the random walks of
a single atom. The elementary act of diffusion along
special boundary is determined, apparently, by
the correlated motion, with the group of several
atoms participating; this is also confirmed by high
value of activation volume of difTusion along special
boundaries.

What are the physical reasons, which may
explain the difference of the mechanism of diffusion
along special boundaries from that of noncorrelated
random walks?

Some answer can be obtained concerning the re-
sults of the atomistic studies of boundary vacancies
structure and the process of boundary diffusion [10,
17, 33-35]. These results may be summarized as
follows:

{a) The vacancy concentration in boundaries is
higher than in the bulk [10, 17]. In other words we
can talk about “a binding cnergy” between the
vancancies and the boundarics.

{b) The vacancy concentration in random bound-
artes is higher than in the special ones [10].

{c) In special boundaries there are certain ener-
getically favorable sites for the vacancies and im-
purities [17].

(d) When the binding energy between the vacancy
and boundary defects or between the vacancy and
impurity atom increases the corrclation factor of
diffusion rapidly decreases [34. 35].

This set of results clarifies the interphase boundary
diffusion data obtained in our work:

(1) According to (a) and (d) the diffusion
coefficient (" along the boundary is much higher than
in the bulk (**across™ the boundary).

(2) According to (b) and (c¢) the summarized ener-
gies for vacancy formation and vacancy migration
are higher in the special boundaries than in the
random ones. This is why the values of £’ for special
boundaries are higher.

(3) From the viewpoint of diffusion the special
boundaries differ from the volume and random inter-
phase boundaries in that they possess the sites of
different sort, in which the diffusing atom has
different surroundings [10, 17]. In the volume and at
the boundary of ordinary types all lattice sites are
equivalent. When the lattice sites, along which the
diffusion takes place, become nonequivalent and
position of the sites with different energy differs (rom
that random one, then also may arise the deviations
from the mechanism of random walks. Then with the
increase of a degree of ordering of the boundaries, i.e.
with the increase of the energetical difference between
different positions of diffusing atom at the boundary
the deviations should also increase of the activation
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Fig. 13. Dependence of the product D[ J under zero
pressure on aclivation volume at 161 °C.

parameters from the values characteristic of the

ordinary boundaries. In fact, with the increase of

degree of ordering of the boundaries the vatues E’,
Dié and ¥* nonmonotonously increase. This is
clearly seen from the Fig. 14, where the dependences
are given of the activation parameters of indium
diffusion along special tin-germanium interphase
boundaries on the value of reciprocal density of
coinciding sites £. The higher the density of coin-
ciding sites Z~', i.e. the higher the perfectness of the
boundary the higher are the values of £/, D} and
V¥,

A similar situation is observed also during bulk
diffusion, when the positions of a diffusing atom in
the volume become nonequivalent. For cxample,
during transition of brass from disordered state into
ordered the activation energy increases as much as
1.5-2 times and preexponential factor increases by
4-6 orders [27]. The activation volume of diffusion
also increases during transition from the systems with
lesser energetical differences in atomic positions in the

(g O’ Sicm3/s)
A

1 1

1 S 17

z
Fig. 14. Dependence of activation volume ¥*, activation
energy [’ and preexponential factor D¢ of diffusion along
spectral interphase boundaries on the value of reciprocal
density of coinciding sites.
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lattice to those with larger ones. For example, on
transition from most metallic in properties alcali-
halid crystals (such as KI) to those most metalloid
ones (such as LiF) the ratio of the activation diffusion
volume to the atomic volume increases from the value
close to a unity (0.86 for KI) to 8.41 (NaF) and even
to 12 for LiF [28].
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