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ABSTRACT

Mechanism of grain boundary migration is one of the least known aspects of grain boundary
physics. The main reason of it is a lack of solid data of grain boundary migration. The other reason
is that the enthalpy of activation and the pre-exponential factor in the mobility equation are not
independent of each other. This is because to so-called compensation effect, due to the activation
enthalpy is proportional to the logarithm of pre-exponential factor. The thermodynamical theory of
compensation effect will be discussed. That is why the new activation parameter - the activation
volume - should be used to understand the relations between the experimentally measured
magnitudes and atomic mechanism of grain boundary motion.

1. INTRODUCTION

In spite of a large number of papers devoted to the grain boundary migration, the physical mecha-
nisms and fundamentals of this process are the least known aspects of the grain boundary physics.
First and foremost is an obvious lack of reliable physical data of mobility of the single grain
boundaries with properly determined crystallographic and geometric parameters, what are measured
under the action of definite driving force.

As a matter of fact, most previous measurements of grain boundary migration were distorted by the
artefacts and offered a fertile field for misleading conclusions and confusion on the dependence of
grain boundary mobility of external parameters. [1-2]

Nevertheless, there are some additional reasons of such situation in the grain boundary motion
physics.

2. BASIC OF GRAIN BOUNDARY MOTION

Let us consider the basis for the calculations of the grain boundary mobility rate - the equation, what
firstly was arrived by Burke and Turnbull [3]:

v=>bv %9_6'” = bv %—es%e_H%TE mp = moe-H%‘TP ¢))

All rights reserved. No part of contents of this paper may be reproduced or transmitted in any form or by any means without the
written permission of the publisher: Trans Tech Publications Ltd, Switzerland, www.ttp.net. (ID: 134.105.82.86-24/05/06,11:10:49)


http://www.scientific.net
http://www.ttp.net

46

Grain Growth in Polycrystalline Materials Il

Where the driving force AG is the difference between the free energies of the atom in two grains,
dividing by the grain boundary; p is the driving force for a unit of volume: p = AGQ, Q is the molar
volume, m is the grain boundary mobility, m, is the pre-exponential factor, H* is the enthalpy of
activation.

Formally, the Eq. (1) can be represented as:
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where H*, is the activation enthalpy for diffusion and D, is the pre-exponential factor in the
equation of diffusion coefficient.

This seemingly difficult task turns out to be relatively simple: to measure the temperature depend-
ence of the migration rate, to determine the enthalpy and entropy (pre-exponential factor) of activa-
tion and finally to compare these magnitudes with corresponding characteristics of the known
elementary processes in solids, first of all, naturally, grain boundary and bulk diffusion. The similar
comparison, what evidently was done firstly for the grain growth in the late 40’s, and was done
since that time repeatedly both for grain growth and single grain boundary migration, had shown
that the activation enthalpy (energy) of mentioned processes far exceeds not only the enthalpy
(energy) of grain boundary diffusion, but the bulk one as well. Inasmuch as the purity of materials
at that time was, naturally, not very high, the idea was put forward that the observed effects arose
from the impurity influence. The success in the chemistry of pure materials demonstrated that the
activation energy of grain boundary migration actually depends on the amount of impurities, but not
only...

The pre-exponential factor in the equation of grain boundary mobility exceeds the value, estimated
from the single atomic mechanism (Eqgs. (1) and (2)) on many orders of magnitude. Unfortunately,
the small number of experimental works contents data allowing to analyse at one time the energy
and pre-exponential factor. There are practically all measurements where the driving force is created
by the surface tension of grain boundary itself [4-7].

The misorientation dependencies of the en-
4 ergy of activation and the pre-exponential
factor A, of the reduced mobility A
(A =mo, o is the grain boundary surface
tension) for <100>, <111> and <110> tilt
grain boundaries in pure aluminium are
presented in Figs. 1 and 2 [1]. The com-
mon values for the grain boundary and
Copammon . bulk diffusion in aluminium and for the

PRI . pre-exponential factor, determined by the
o 10 20 30 40 50 60 single atomic mechanism, are marked off
on the diagrams. One can see, that for the
<100> tilt grain boundaries only the
obtained values correspond with the
magnitudes which are typical for the
migration at work by the single atom
transfer mechanism. The pre-exponential
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Fig. 1: The misorientation dependence of activation
enthalpy for <I100>, <I111>, <110> tilt
grain boundaries migration in pure alumin-
ium (99.999 at. %).
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boundaries and especially for <110> tilt
boundaries is much superior to the magni-
tude of A, for the single atom mechanism.
The energy of activation considerably ex-
ceeds also not only the activation energy of
grain boundary diffusion but the bulk one.

In Figs. 3-4 are presented the results of
precise measurements of <111> tilt grain
boundary mobility in the vicinity of the
special misorientation £7 [6]. It is seen that
in this case also the activation enthalpy and
particularly the pre-exponential factor sig-
nificantly exceed these values for the mo-
tion by single atom.

Further, the activation energy (enthalpy)
and the pre-exponential factor depend on
the concentration of impurity in the mate-
ria. As to the activation energy it
increases, as a rule, with impurity increase.
It is significant that this rise cannot be
described by the impurity drag theory. In
Fig. 5 is shown the activation enthalpy as a
function of a total concentration of differ-
ent impurities in the samples of very pure
aluminium. [7] One can see that even such
small change of total concentration causes
the rise of activation enthalpy on 0.3-
0.4 eV. Because of this, even a simple
comparison the activation values for grain
boundary migration with the corresponding
ones characteristic for different elementary
processes in solids comes up against some
obstacles, inasmuch as even small change
in impurity content changes drastically the
boundary migration activation parameters.
However, there is a principle difficulty in
such comparison. The point is that the acti-
vation energy (enthalpy) and pre-exponen-
tial factor in the equation of kinetic coeffi-
cient are not independent. They are associ-
ated by virtue of the compensation effect.
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Fig. 2. The misorientation dependence of the pre-
exponential factor of grain boundary mo-
bility for <100>, <111>, <110> tilt grain
boundaries in pure aluminium (99.999at. %).
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Fig. 3. The misorientation dependence of migration

activation energy for <l111> tilt grain
boundaries.

1010

10°

10° ~

10

Ag [m2/s]
/

10?

100 1 il L 1
34 36 38 40 42 44

¢ [deg]
Fig. 4. The misorientation dependence of pre-expo-
nential factor of mobility for <111> tilt grain
boundaries.
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Fig. 5. The dependence of activation enthalpy for
migration of 38.2° (white signs) and 40.5°
(black signs) <111> tilt grain boundaries on
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Fig. 6. Compensation effect for <111> tilt grain
boundary migration in the vicinity of X7
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3. COMPENSATION EFFECT IN
GRAIN BOUNDARY MIGRATION

The compensation effect is designated the
linear dependence between the energy of
activation and the logarithm of the pre-ex-
ponential factor in the equation of kinetic
coefficient (diffusion, coefficient, mobility
etc.), observed in activation processes.
Such  behaviour of the activation
parameters compensates the change of each
by itself. Compensation effect (CEF) was
repeatedly observed on the different
activation processes in dissimilar systems
but most often in interface and grain
boundaries. In Fig. 6 as an example is
shown a compensation effect for <111> tilt
grain boundary migration in the vicinity of
the special misorientation X7 in pure
aluminium [6]. The description of the
compensation effect in the activation
processes in different, particularly, grain
boundary systems is given in [8]. The
phenomenological and model approaches
to the analysis of this fascinating
phenomenon and the relations between the
mentioned effect and non-equilibrium
thermodynamics are discussed [8].

As is easy to see, the consequence of the
specific linear dependence between the ac-
tivation energy and the logarithm of the
pre-exponential factor in the kinetic coeffi-
cient equation is the existence of so called
temperature of compensation T, at which
the kinetic coefficients, in particular, the
grain boundary mobility, are equal and the
kinetic lines in Arrhenius co-ordinates
intersect at one point.

It should be recorded that in many cases the compensation temperature coincides with the
temperature of first order phase transformation in the system. The discussed linear dependence
commonly was observed in a row of uniform objects. The definition ,uniform objects* means in
this case that the atomic mechanism of the elementary kinetic act in these objects is the same. It was
shown in [9] that if the certain systems in the mentioned above row is similar in some sense, so
there is a parameter A, which varies by a small amount on transition from one system to another’,

' The nature of this parameter is of no special concern: it could be composition, misorientation angle of the grains,
surface tension and so on.
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and secondly the Arrhenius law is fulfilled, the linear relationship between activation energy and
pre-exponential factor in the kinetic coefficient equation is found to be observed:
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Inasmuch as the Arrhenius dependence is usually explained in terms of atomic transition across a
»potential barrier”, we can consider the state ,,at the barrier” as a special ,,barrier phase* with its
own thermodynamic function and equation of state [9]. The compensation temperature then
determines the hypothetical temperature of equilibrium between normal and barrier phases.

where

is the compensation temperature.

In [8] was studied how the compensation effect is consistent with the principles of non-equilibrium

thermodynamics, in particular, with the principle of maximal rate of the free energy of the system
reduction. In discussed case when grain boundary moves under the constant driving force AG the
rate of reduction the system free energy G is

dG AG? AG? &
?=—VAG=—m T =—-m,———e ¥ )

and from the extremum existence conduction with respect to parameter A (the sense of this parame-
ter was discussed above) one can see, that:

d »*
J(G )x=xo =0 (6)

Where A, is the point of extremum.
Finally authors [8] come to the relation (4):
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A number of empirical rules concerning the activation processes were explained on the basis of the
concept of a compensation effect [8].

The main consequence what is in particularly importance for us is that from mobility measurements
at different temperatures only information on a single activation quantity can be obtained.
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4. HIGH PRESSURE EFFECT ON GRAIN BOUNDARY MIGRATION

A more direct measure of the migration mechanism yields the activation volume. The activation
volume reflects the difference between the volume of the system in the activated and in the ground
state. The activation volume V* can be obtained from measurements of the pressure dependence of

Gibbs free energy of activation:

G =H -TS"=E" +pV’* -TS’ (7
alnv __ v’
op RT ®
alnv __E+pv_ H
QYT R R ©)

Despite the relative ease of interpretation of the activation volume compared, there have been only
very few studies on the pressure dependence of grain boundary migration. The main reason for this
deficiency are the serious experimental problems that have to be overcome in order to successfully
conduct experiments on grain boundary migration at high hydrostatic pressure. Hahn and Gleiter
[10] studied grain growth in pure Cd under high pressure (up to 28 kbar).

The activation volume of grain growth Vg'g [12] was found to be 0.49 of the molar volume Q, what

is in reasonable agreement with the activation volume

of self diffusion (0.53-0.59 Q). The most

interesting from our point of view is the pressure influence on the motion of different in structural
sense grain boundaries. Unfortunately, there were only two experimental works on the pressure

dependence of single grain boundary motion.
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Fig. 7. Activation energy E (O) and activation vol-

ume V* (@) of <001> rilt grain boundary
migration in tin.

Special <001> tilt grain boundaries Z13
(=22.5°), £17 (=28°) and E5 (=37°) and
random grain boundaries with angle of
misorientation =25°, 33.5° and 41.5° were
studied in tin [11]. The grain boundary
migration rate was measured at atmos-
pheric pressure in the temperature range
185°C - 225°C and at hydrostatic pressure
up to 16 kbar at 208°C. The orientation de-
pendencies of activation energy and activa-
tion volume of migration are given in Fig.
7. When the measured values are compared
with the activation energy and activation
volume of self diffusion, large
discrepancies become apparent. The
activation energy for the migration of
special grain boundaries is 1.5- 2 times
larger than the energy of activation for bulk
self diffusion and almost by an order of
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magnitude larger than grain boundary self
diffusion. The activation volumes for
special grain boundaries amount to 0.6-
0.96 V,. However, for non-special grain

boundaries the activation volumes exceed
by a factor of 2 - 2.5, which seemingly
contradicts the considerations given above.
The last (but not least) investigation what
was undertaken in order to clear this prob-
lem was carried out on special and non-
special <100>, <111> and <110> tilt grain
boundaries in bicrystals of pure aluminium
[12]. Grain boundary motion was investi-
gated under a constant driving force. AG
provided by the surface tension of a curved
grain boundary. The angle was chosen such
that it was either close to a low X coinci-
dence rotation-special grain boundary with
Z5 (36.9° <100>), Z7 (38.2°<111>) and X9
(36.9° <110>) or far from coincidence rota-
tions (non-special boundaries) [12].

The results, obtained in [12], become more
transparent, when the activation volume is
plotted vs. the activation energy (Fig. 8).
For <100> and <111> tilt boundaries the
activation volume does not depend on acti-
vation energy. For <110> tilt boundaries,
however, the activation volume is linearly
proportional to the activation energy.
Finally, Fig. 9 proves, that instead of the
activation energy also the pre-exponential
factor can be considered, since it is related
to the activation energy by the previously
mentioned compensation effect.

The activation volume for <100> and
<111> tilt boundaries is identical and inde-
pendent of misorientation angle, quite in
contrast to the behaviour of the activation
energy. The absolute value of about 12
cm’/mol corresponds to slightly more than
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Fig. 8. The normalised activation volume V*/(2 vs.
the activation enthalpy of grain boundary
mobility for tilt grain boundaries with differ-
ent rotation axes in Al.
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Fig. 9. The normalised activation volume V*/£2 vs.
the pre-exponential factor of grain boundary
mobility for tilt grain boundaries with differ-
ent rotation axes in Al.

one atomic volume in aluminium and is, therefore, close to the activation volume for bulk self

diffusion.

In contrast, the activation volume for <110> tilt boundaries increases with increasing the activation
energy (Fig. 8). These results can be interpreted as proof for evidence for a group mechanism of
grain boundary migration for <110> tilt boundaries. It gives the impression that <100> and <111>
tilt boundaries move by the single atom migration mechanism. However, the pre-exponential factor
in the mobility equation for these grain boundaries exceeds the value what correspond to the charac-
teristic one of the single atom movement mechanism on 5-10 orders of magnitude (!).
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5. INSTEAD OF CONCLUSIONS

The compensation effect opens up possi-
bilities to find the point on the diagram
with co-ordinates quantitatively associated
the single atom motion.

In Fig. 10 are presented the compensation
lines for <111> tilt boundaries in pure alu-
minium with different total impurity
content [7]. These lines are extrapolated to
the ordinate correspond the single atomic
mechanism of grain boundary migration
(A, ~ 10*-10° m’/s). One can see that the
lines come to almost one point what
support the idea of it physical significance.
The activation energy relevant this point is
about 0.5 eV, what reasonable correlates
with the range of activation energy of
processes in grain boundary, e.g. self
diffusion.

In Fig. 11 are shown the result of approach
discussed above applied to the compensa-
tion relationships of different types of tilt
grain boundaries in pure aluminium. It can
be seen that in this case as well as for
<111> tilt grain boundaries the compensa-
tion lines come to the point with the co-
ordinate corresponding (in our current
understanding) the grain boundary motion
by single atom transfer.

No doubt, even in absolute pure material
mobility for different grain boundaries
moving by the same mechanism of motion
does not have to be uniform. But so long
range extrapolation can not distinguish this
difference. It is believed that such agree-
ment can not be accidental and reflects the
fundamental physical properties of system
and process.
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Fig. 10. The extrapolation of the compensation
lines for <111> tilt grain boundary migra-
tion in pure aluminium with different total
impurity concentration.
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Fig. 11. Compensation effect for tilt grain bounda-
ries with different roration axis in pure Al
[6,12].
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