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The current research on grain boundary dynamics in metals
is reviewed. The boundary dynamics, i. e., the boundary re-
action to applied forces, is strongly dependent on the grain
boundary character, which is commonly reduced to the or-
ientation relationship between adjacent grains and impurity
segregation at the boundary. The misorientation depen-
dence of the motion of specific capillary driven grain
boundaries, the effect of inclination on the mobility of pla-
nar boundaries and the dislocation absorption by moving
boundaries are considered. The role of segregation behav-
iour and boundary crystallography for the orientation de-
pendence of boundary mobility is addressed. The compen-
sation effect for the motion of structurally different grain
boundaries is discussed.
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1. Introduction

Important microstructural changes in metallic materials are
introduced by heat treatment subsequent to plastic deforma-
tion. By recrystallization and grain growth the defect den-
sity and orientation distribution of grains are markedly af-
fected which, in turn, drastically changes the material
properties. The fundamental processes of recrystallization
and grain growth are the motion of grain boundaries
(GBs), by which the crystalline solid is reconstructed atom
by atom. Polycrystalline solids possess a wide variety of
structurally different boundaries, which quite differently re-
act to exerted forces. In his seminal review [1] Gleiter re-
ported on the effect of grain boundary crystallography on
grain boundary properties, like energy and kinetics. GBs
have the unique property to move under the action of a driv-
ing force, which to a great extent is determined by the grain
boundary crystallography as defined by the misorientation
between adjacent grains and the orientation of the boundary
plane. The role of orientation relationships for GB dy-
namics will be addressed in this paper.

2. Fundamentals of grain boundary dynamics

2.1. Driving force

A driving force p for GB migration occurs, if the displace-
ment d‘ of a boundary area s leads to a decrease of the total

Gibbs energy dG of the system:

p ¼ � dG
s � d‘

¼ � dG
dV

ð1Þ

where V is the volume swept by the boundary area during
its displacement. The gain of Gibbs energy can result from
a change in grain boundary energy due to a reduction of
the GB area in case of curved capillary-driven boundaries,
or from a volume Gibbs energy difference across the bound-
ary, e. g. by the anisotropy of Gibbs energy density in a
magnetic, electric or elastic field.

2.2. Measurements of grain boundary motion

Since there is no average representative grain boundary in a
crystalline solid, GB properties are most appropriately
measured on specific individual GBs, i. e., in specially pre-
pared bicrystals. Equivalently, the measurement of con-
nected GB systems with junctions requires tricrystal experi-
ments, etc.

There are two different ways to determine the GB velo-
city. In the discontinuous method the location of the
boundary is determined at discrete time intervals by the
position of a boundary groove. The advantage of this step-
wise annealing method is its simplicity, but its main short-
coming is that the measured boundary velocity is averaged
over the large interval of time between consecutive obser-
vations. In contrast, the continuous method requires to de-
termine the boundary position at any moment of time with-
out forcing the boundary to stop. This is achieved by
utilizing orientation dependent properties and their discon-
tinuity at the GB. There are various techniques to distin-
guish different crystal orientations. Most measurements so
far were conducted with the X-ray interface continuous
tracking device [2]. The method employs X-ray diffraction
to determine the GB position and, therefore, does not in-
terfere with the boundary migration process itself. The de-
vice can measure a boundary velocity in a wide range be-
tween 1 and 1000 lm/s. Its inaccuracy amounts to less
than 2 % [2]. For time-resolved imaging of connected GB
systems (junctions, networks) the orientation dependence
of backscattered electrons in a scanning electron micro-
scope can be used [3]. In materials with noncubic crystal
symmetry, the anisotropy of reflectivity of visible light
can be utilized for the orientation contrast to determine
the boundary location.
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2.3. Grain boundary mobility

GB motion consists of the transfer of lattice sites across the
GB, which results in a physical displacement of the GB
with regard to an external reference frame. Atoms crossing
the boundary will change their energy state (Fig. 1) which
results in an asymmetry of the atomic migration energy
and thus an imbalance of the jump rate across the boundary
in opposite directions.

Each atom of volume Xa � b3 will gain the Gibbs energy
pb3 when becoming attached to the growing grain but has to
expend this Gibbs energy when moving in the opposite di-
rection. Correspondingly, with a boundary displacement b
per atom the boundary velocity reads

v ¼ bmDðe�
Gm
kT � e�

Gmþpb3

kT Þ ð2Þ
(mD – Debye-frequency, Gm – activation Gibbs energy of
boundary migration, k – Boltzmann’s constant, T – absolute
temperature).

For all practical cases pb3
5 kT at temperatures where

boundaries are observed to move (T � 0:3Tm) and, there-
fore,

v ¼ b4mD

kT
e�

Gm
kT � p � m � p ð3Þ

The quantity m is referred to as grain boundary mobility.
GB migration is a thermally activated process. Thus, its

kinetics follow an Arrhenius-type temperature dependence

v ¼ v0 exp � H
kT

� �
ð4Þ

Since the driving force is essentially independent of tem-
perature, the temperature dependence of v is the tempera-
ture dependence of the grain boundary mobility

m ¼ v=p ¼ m0 exp � H
kT

� �
ð5Þ

where H is the activation enthalpy of GB migration and m0
the corresponding pre-exponential mobility factor.

For the migration of curved GBs, we introduce for sim-
plicity the reduced mobility

A ¼ m � rb ¼ A0 exp � H
kT

� �
ð6Þ

where rb is the grain boundary surface tension.
Since the reduced mobility is the product of mobility and

GB energy, it reflects also the orientation and temperature
dependence of the GB energy. However, according to com-

MK_mk17869 – 27.10.03/druckhaus köthen

D. A. Molodov et al.: Impact of grain boundary character on grain boundary kinetics

1118 Z. Metallkd. 94 (2003) 10

Fig. 1. The Gibbs energy of a moving atom changes by the driving
force pb3 when it crosses the boundary. Gm is the Gibbs energy barrier
for atom transfer.

a) b)
Fig. 2. (a) Activation enthalpy H and pre-exponential factor A0 for <111> tilt GBs and (b) mobility dependence of <111> tilt boundaries on rotation
angle in pure Al (99.999 %).©
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puter simulations and measurements, the GB energy may
change by 20 % or less but the reduced mobility will change
by orders of magnitude. Therefore, changes of the GB en-
ergy can be neglected, if not absolute mobility values but
activation parameters and mechanisms of GB motion are
considered, as in the case of investigations referred to in
the following.

3. Misorientation dependence of grain boundary
mobility

3.1. Misorientation of adjacent grains

It was already shown in the past in bicrystal experiments
of Rutter and Aust [4] and Shvindlerman with coworkers
[5– 7] that for high-angle GBs the mobility depends on axis
< hkl > and angle u of misorientation. Studies of the mobi-
lity of tilt GBs in Al bicrystals [5] have shown that the mo-
bility of low R coincidence boundaries (special boundaries)
exceeds the mobility of random (nonspecial) boundaries.
Among all tilt boundaries those with <111> rotation axis
and rotation angle of about 40° were found to have the high-
est mobility, which is associated with the special R7 tilt
boundary.

However, from growth selection experiment [8– 10] it
was known that the rotation angle of the fastest boundaries
was invariably larger than 38.2° even consistently larger
than 40°.

Owing to the importance of maximum growth rate
boundaries for texture formation during recrystallization
and grain growth we addressed this obvious discrepancy,
and investigated the misorientation dependence of GB
mobility on a fine scale in the angular interval 37°– 43°
<111> with angular spacing 0.3°– 0.6° [11, 12]. The experi-
ments revealed that both the activation enthalpy and the
pre-exponential factor were at maximum for a misorienta-
tion angle u = 40.5° and at minimum for the exact R7 mis-
orientation (Fig. 2). Therefore, one is tempted to conclude
that the R7 boundary has the highest mobility. However,
the mobility of boundaries with different misorientation an-

gles do have a different temperature dependence, and there
is a temperature, the so-called compensation temperature
Tc, where the mobilities of all investigated boundaries with
different misorientation are the same. As a result, for
T > Tc, the mobility is higher for GBs with a higher activa-
tion energy, in particular it is at maximum for u = 40.5°,
while for T < Tc the exact R7 boundary moves fastest
(Fig. 2b).

This result explains the apparent contradiction between
growth selection experiments and recrystallization experi-
ments. The problem resulted only from the wrong tacit as-
sumption that the pre-exponential factor is essentially inde-
pendent of misorientation so that only the activation
enthalpy controls mobility. Growth selection experiments
have to be conducted at very high temperatures (above
600 °C), i. e., in the temperature regime, where the mobility
of the 40.5°<111> boundary is the highest due to its high
pre-exponential factor.

At high temperatures the GB mobility in this angular in-
terval is obviously not dominated by the segregation beha-
viour of low R boundaries. The reason for the changing
maximum mobility orientation in different temperature re-
gimes is obviously the orientation dependence of both, the
activation enthalpy and the pre-exponential factor. In fact,
both are related to each other in a linear fashion (Fig. 9),
i. e.,

H ¼ a ln A0 þ b ð7Þ

where a and b are constants. This correlation is referred to
as the compensation effect and will be discussed in
Section 4.

The misorientation dependence of GB motion is not con-
fined to pure tilt boundaries. Recent experiments [13] on Al
bicrystals with a GB configuration shown in Fig. 3b
revealed that the motion of <111> boundaries in Al in the
vicinity of R7 misorientation depends non-monotonically
on the misorientation angle irrespective of the crystallo-
graphic configuration of the curved moving boundary,
whether pure tilt or mixed tilt-twist. Fig. 4 shows the misor-
ientation dependence of activation parameters for the mo-
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Fig. 3. Bicrystal geometry
with the moving curved
boundary having (a) pure tilt
character and (b) mixed tilt-
twist character.
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tion of <111> mixed boundaries [13]. It is seen that both
parameters change non-monotonically with misorientation
angle and assume a minimum at the R7 misorientation,
which is very similar to the respective misorientation de-
pendence for <111> tilt boundaries in Fig. 2. Therefore,
the curved boundaries in both configurations (Fig. 3), pure
tilt with differently inclined boundary elements and mixed
tilt-twist, demonstrate essentially the same behaviour with
regard to the misorientation dependence of their motion.

One of the principal features of a pure physical experi-
ment is the possibility to analyse experimental results by
an independent method, in particular by computer simula-
tion. In Ref. [14] atomistic simulations of the GB motion
as a function of temperature and grain boundary misorienta-
tion were performed using molecular dynamics for the
same geometry, as used in experiment to ensure steady-
state, curvature driven boundary migration. These simula-
tions represent the first systematic computational study of
the dependence of the GB mobility on misorientation
(Fig. 5) and, therefore, probably the only feasible study of
the intrinsic (impurity free) boundary mobility since experi-
mentally it is virtually impossible to fabricate bicrystals of
perfect purity. Excellent agreement between simulations
and experiments was obtained in almost all respects. Speci-
fically, the activation energy and the pre-exponential factor
of the boundary mobility exhibited very similar variations
with misorientation, including the presence of distinct cusps
at low R misorientations. It is important to keep in mind that
the results of these computer simulations pertain to “abso-
lutely pure material” when discussing the effect of impurity
on the orientation dependence of boundary mobility.

3.1. Transition from low- to high-angle boundary

The border between low- and high-angle boundaries is
commonly assumed to occur at a misorientation angle of
15° for structural reasons, expressed by Brandon [15]. Re-
cent measurements on stress-driven boundaries can be con-
sidered as the first experimental determination of this bor-
der afforded by boundary mobility [16]. In Ref. [16] a
method to activate and investigate the migration of planar
symmetrical and asymmetrical <111> and <112> tilt
boundaries in Al bicrystals under the action of an external
shear stress was introduced. It was shown that low-angle
as well as high-angle tilt boundaries can be moved by such
shear stress. The transition from low-angle to high-angle
<111> and <112> boundaries was found to manifest itself
as a sharp step of the activation energy at a misorientation
angle of 13.6 � 0.5° which, in the limited framework of ex-
perimentally obtained data, seems to be independent of im-
purity content and tilt boundary plane, but is liable to vary
with tilt axis.

3.2. Effect of the boundary plane

GB mobility is known not only to depend on misorientation,
but also on the inclination of the GB plane. This is particu-
larly evident for coherent twin boundaries, which are much
less mobile than incoherent twin boundaries despite of
identical misorientation across the boundary. But anisotro-
py of GB mobility can also be observed for misorientations
other than twin relationships, in particular GBs of a misor-
ientation with <111> rotation axis. For such orientation re-
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Fig. 4. Activation enthalpy H and pre-exponential factor A0 for <111> mixed tilt-twist grain boundaries.

Fig. 5. (a) Activation energy of GB migration
(e = 0.57 eV, Lennard–Jones potential well
depth for Al) and (b) logarithm of the pre-ex-
ponential factor of the reduced mobility as a
function of boundary misorientation found in
computer simulations of GB motion [14].
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lationships tilt and mixed tilt-twist boundaries can move or-
ders of magnitude faster than pure twist boundaries [17].

In experiments on curved GBs (Fig. 3), the curved part of
the boundary consists of crystallographically different
boundary planes. If the boundary mobility depends on
boundary inclination, this may affect the velocity of stea-
dy-state motion of a curved boundary.

In the particular boundary configuration shown in
Fig. 3a, the boundary with misorientation angle u keeps its
tilt character with the same angle during its motion. In such
experiments [5– 7, 11, 12] the average mobility over all dif-
ferently inclined boundary planes is measured and it is as-
sumed that there is a uniform tilt GB mobility. In fact, it
has been recently experimentally confirmed on Al bicrys-
tals, that the change of the set of boundary planes in the
curved moving boundary does not affect its motion [13].
This was achieved by using specimens with different incli-
nation of the straight boundary from its symmetrical posi-
tion. Futhermore, the motion in opposite directions of such
a boundary was measured in the same bicrystal, as shown
in Fig. 6.

Pure twist boundaries are planar boundaries. Therefore, it
is impossible to directly measure their motion by utilizing
GB curvature as a driving force. However, a change of the
bicrystal geometry provides the opportunity to study the
motion of mixed boundaries comprising both tilt and twist
components (Fig. 3b). In such a configuration the boundary
character changes along its curved part from pure tilt to al-
most pure twist, although the boundary retains the same
misorientation angle u and axis <111> of rotation. As men-
tioned above, the motion of <111> GBs in configuration
Fig. 3b has been studied recently in the angular interval of
misorientation between 37 and 42°. Particularly the shape

of the curved moving part of the boundary was measured
and compared with the boundary shape which was calcu-
lated analytically [18]. The shape of a boundary yðxÞ
(Fig. 7) can be derived from the equation of motion

y00 ¼ � v
mrb

y0ð1 þ y0ð Þ2Þ ð8Þ

assuming that the GB energy rb and mobility m are inde-
pendent of the orientation of the GB relative to the crystal-
lographic axes of the grains. The consistency of measured
and calculated boundary shape allows to conclude that dif-
ferent elements of the investigated curved boundary have
the same mobility, irrespective of their composition of tilt
and twist components. That means an increase of the twist
component along the curved mixed boundary in such a geo-
metrical configuration does not affect its steady-state mo-
tion.

It is impossible to directly study the effect of GB orienta-
tion on its mobility by utilizing the GB curvature as a driv-
ing force, since the moving curved part of the boundary
consists of different boundary planes. Rather, the motion
of flat boundaries has to be investigated. The motion of pla-
nar GBs under the action of a magnetic field in bicrystals of
a material with anisotropic magnetic susceptibility was in-
vestigated in [19, 20]. The experiments were carried out on
bicrystals of high-purity bismuth. Symmetrical and asym-
metrical (w ¼ 45�) pure tilt GBs with 90° <112> misorien-
tation were examined. It was found that the motion of
asymmetrical boundaries can be very different from sym-
metrical boundaries. Firstly, the migration activation en-
thalpy for asymmetrical boundaries is nearly one order of
magnitude higher than for a symmetrical one: 3.4 – 3.8 and
0.51 eV, respectively (Fig. 8a) with a compensation tem-
perature close to the melting temperature of Bi. The most
surprising feature is that in contrast to the symmetrical
boundary, for an asymmetrical tilt boundary the measured
mobility was found to be distinctly different for the motion
in opposite directions (Fig. 8b). There are several potential
reasons for this anisotropy. First, there is an essential differ-
ence in the distance between the crystallographic planes on
each side of the boundary. An estimation shows that this
factor may change the velocity of GB motion, however, this
difference is unlikely to affect the velocity of boundary mo-
tion by more than 20 %, which is distinctly less than the ob-
served effect [19]. Second, because boundary motion in Bi
bicrystals may be influenced by impurity drag, the differ-
ence in the diffusivity of impurities in two opposite direc-
tions in the anisotropic structure of Bi should be taken into
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Fig. 6. Motion of curved tilt boundary with different sets of boundary
planes. The staight section of the boundary is asymmetrical with an in-
clination w from symmetrical position.

Fig. 7. (a) Measured and (b) cal-
culated shape of a moving 40.6°
<111> mixed tilt-twist boundary in
pure Al (99.999 %) at T = 602 °C.
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account. It was shown recently that the motion of a GB in a
magnetic field can be considered as a motion of a conductor
in a magnetic field, or more strictly, as the motion of a re-
gion with a conductivity different from that of the surround-
ing matrix in a magnetic field. Such a motion causes an
electromotive force and, as a consequence, an additional
dissipation of energy in a magnetic field [21]. However,
the predicted effect is much smaller than experimentally
observed. Also this dissipation should, on the one hand, be
different for symmetric and asymmetric boundaries and,
on the other hand, be different for boundary motion in op-
posite directions for asymmetric boundaries [21].

In any event, if this asymmetry of GB mobility holds also
for other metals, it will have a serious impact on our under-
standing of GB motion, since the mobility of a GB is com-
monly conceived as not dependent on its direction of motion.

4. Compensation effect in grain boundary motion

It is well known that the temperature dependence of GB
mobility follows an Arrhenius relation (Eq. (5)). Com-
monly, for evalution of experimental data the activation en-

thalpy H is determined from the slope H=k of the Arrhenius
plot ln m vs. 1=T , and much less attention is paid to the pre-
exponential factor m0. However, there is a large body of ex-
perimental evidence that the pre-exponential factor is
strongly related to the activation enthalpy: m0 increases or
decreases, if H increases or decreases according to relation
(7). This correlation is referred to as the compensation ef-
fect, since it strongly moderates the effect of a variation of
H on the value of the mobility and, therefore, allows one to
use the annealing temperature as a selective tool for grain
boundary control.

The compensation effect was repeatedly observed for the
mobility of pure tilt boundaries in materials of equal purity
[7, 20, 22]. Fig. 6 shows the compensation effect for
<111> tilt boundary migration in the vicinity of the special
misorientation R7. The compensation effect was also ob-
served in molecular dynamics simulations of curved bound-
ary motion [14]. Also, in physical chemistry of surfaces the
compensation effect is a common experience and textbook
knowledge [23].

A consequence of the specific linear dependence between
the activation enthalpy and the logarithm of the pre-expo-
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Fig. 8. (a) Temperature dependence of the mobility of 90° <112> symmetrical (*) and asymmetrical (~, &) boundaries in Bi bicrystals, moving
in opposite directions [19, 20]. The trigonal axis in the growing grain parallel (~) or perpendicular (&) to the growth direction.
(b) Displacement D‘ (normalized by driving force p) vs. annealing time for asymmetrical tilt boundaries moving in opposite directions.

Fig. 9. (a) Dependence of migration activation enthalpy on mobility pre-exponential factor for <111> tilt GBs in pure Al [12]. (b) Temperature de-
pendence of the reduced mobility A for 38.2° and 40.5° <111> tilt GBs in pure Al [12].©
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nential factor is the existence of a so-called compensation
temperature Tc ¼ a=k, at which the mobilities are equal
and at which the kinetic lines in Arrhenius co-ordinates in-
tersect at one point (Fig. 9b). In this context it is worthy to
note that the compensation effect was also observed for
71Ge diffusion along <111> tilt GBs with different angles
in the vicinity of the R7 misorientation in pure Al [24].

The compensation effect can be associated with the fact
that the activated state is not a random energy fluctuation
in space and time but a defined and thus reproducible
although unstable state, which is described by its respective
thermodynamic functions [23]. The linear compensation re-
lation and the expression for the compensation temperature
can be derived under these conditions. In particular, the
compensation temperature can be expressed as

Tc ¼ dH dS k¼k0j=

where the parameter k denotes some intensive structural or
chemical specification, like angle of misorientation, com-
position, etc. In this approach Tc is the equilibrium tempera-
ture for the activated state.

5. Segregation effects on orientation dependence of
boundary mobility

It is well known that the purity of a material has a great in-
fluence on GB motion. Impurity atoms almost always re-
duce the rate of GB migration. However, very little is
known on how solute atoms affect GB motion besides the
exerted drag, in particular, how impurities influence and
thus interact with the GB structure.

The strong interaction of impurities and GB structure
is particularly obvious in <100> tilt boundaries in Al
(Fig. 10a). For ultrapure and very impure material the mo-
bility of <100> tilt boundaries was found to be independent
of the rotation angle, irrespective whether special or non-
special boundary. For intermediate (although high) purity
material, the mobility strongly depends on the rotation an-
gle, distinguishing special and nonspecial boundaries. Such
a behavior was, however, never reported for tilt boundaries
in Al with axis other than <100>.

The common understanding of the orientation depen-
dence of the GB mobility and the effect of solutes on this
dependence is mainly founded on results mentioned above
[25] as well as on the classical work of Aust and Rutter
(Fig. 10b). According to this understanding the orientation
dependence of the GB mobility is a segregation effect:
strongly ordered boundaries, i. e., lows R coincidence
boundaries segregate less and, therefore, move faster than
random boundaries.

This classical concept, however, cannot be confirmed by
results of recent experiments [12, 28] and computer simula-
tions [14]. The experimental results reveal that the migra-
tion activation enthalpy is strongly affected by both, the
boundary crystallography and material purity (Fig. 11).
However, in the former case the pre-exponential factor A0
rises with increasing H by several orders of magnitude,
while in the latter case A0 remains at the same level. There-
fore, the pre-exponential factor A0 in the investigated im-
purity concentration interval was found to be much less
sensitive to the material purity than to a change of the mis-
orientation angle. This result allows to conclude that the ob-
served orientation dependence of mobility (Fig. 2b), deter-

mined by both H and A0, does not simply reflect the
different segregation behavior of coincidence and random
boundaries, as frequently proposed [26, 27], rather it pro-
vides evidence for an intrinsic dependence of GB mobility
on GB structure. Also molecular dynamics simulations of
boundary motion in absolutely pure material reveal strong
evidence for the intrinsic structural character of the orienta-
tion dependence of boundary mobility [14].

Although the activation enthalpies of both the special and
nonspecial boundary depend on impurity concentration
(Fig. 11c) they remain vastly different in magnitude with
H (random) > H (special). This may be associated with dif-
ferent mechanisms of GB migration irrespective of material
purity [28].

Aust and Rutter [27] attributed the abnormally high va-
lues of activation enthalpy for GB motion in lead (Fig. 12)
to impurity effects on this process and interpreted their re-
sults in terms of diffusional mechanisms of boundary mo-
tion. However, such an interpretation requires to attribute
the difference of activation enthalpy measured for different
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Fig. 10. (a) Dependence of the activation enthalpy of migration for
<100> tilt GBs in Al of different purity: & -- 99.99995 at%; ~ –
99.9992 at%; * – 99.98 at%. [25].
(b) The rate of GB migration vs. the concentration of tin in zone-re-
fined lead at 300 °C [26, 27].©
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boundaries to the adsorption energy of impurity atoms in
the pure boundary. This energy normally does not exceed
0.4 – 0.6 eV [29]. The difference of the activation enthalpy
of motion for different boundaries in the experiment of Aust
and Rutter amounts to 42.8 – 5.2 = 37.6 kcal/g�atom
(1.63 eV) and, thus, is too large to be interpreted as an ad-
sorption energy of impurities.

Moreover, all 17 investigated boundaries in Ref. [27]
were crystallographically different and the compensation
effect, which obviously reflects the thermodynamic funda-
mentals of the migration mechanisms for boundaries with
different grain misorientation, holds for the migration
parameters in the work of Aust and Rutter as well
(Fig. 13). The compensation effect for migration of crystal-
lographically different boundaries in lead of almost equal
purity (9 –13 ppm) in Aust and Rutter’s experiment
(Fig. 13a) provides unambiguous evidence that the activa-
tion parameters do not increase due to an increase of tin
concentration in lead, rather than due to different boundary
crystallography. The compensation effect is actually ob-
served for migration of all 17 boundaries investigated by
Aust and Rutter, irrespective of tin concentration, with a
compensation temperature Tc = 334 °C which by practical
means is identical with the melting point of Pb (327 °C)
(Fig. 13b).

6. Dislocation absorption by moving boundaries

An interesting example of the effect of the boundary char-
acter on GB control is the influence of dislocation absorp-
tion on the migration rate of specific GBs in Al bicrystals.
The GB motion in slightly rolled (up to 1.3 %) bicrystals
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Fig. 11. (a) Activation enthalpy and (b) mobility pre-exponential factor for migration of <111> tilt GBs as a function of misorientation angle for
two different Al charges: * – total impurity concentration c = 0.4 ppm; & – c = 1 ppm. (c) Dependence of activation enthalpy and (d) mobility
pre-exponential factor for migration of 38.2° (open symbols) and 40.5° (filled symbols) <111> tilt GBs on impurity concentration in differently
pure Al.

Fig 12. Measured activation enthalpies vs. tin content in various grain
boundaries in zone-refined lead [28].©
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of pure Al (99.999 %) was investigated in [30]. In particu-
lar, the migration of <111> pure tilt GBs and a boundary
having an additional twist component (ranging between
5.9° and 9.2°) was measured. In the respective bicrystals
the tilt boundary was superimposed by a rotation around
the axis perpendicular to the GB plane by an angle w. The
boundaries moved under the action of a constant capillary
driving force provided by the GB surface tension of the
curved boundary. For the small strain imposed, the GB mo-
bility was found to decrease substantially with increasing
deformation, i. e., increasing density of dislocations for
pure tilt (special) boundaries (Fig. 14a). The experiments
also showed, however, that for the nontilt (random) bound-
aries (40.5° <111> with additional twist components) there
was practically no difference in the boundary mobility of
deformed and undeformed bicrystals.

Microstructural transmission electron microscopy
(TEM) investigations of rolled bicrystals containing a 38°
<111> boundary after its migration in a deformed sample
reveal the reason for this different behaviour. The pure tilt
boundary was always observed to contain extrinsic disloca-
tions (Fig. 14b), apparently swept by the boundary during
its migration and not yet absorbed. The presence of these
dislocations in the boundary appears be the reason for a re-

tardation of the boundary migration rate. If the dislocations
are only adsorbed in the boundary without being decom-
posed or annihilated, their stress field – although certainly
partly relaxed in the boundary – still contributes to the inter-
nal energy and is not released as driving force. In such a
case the boundary will not experience the full gain of stored
dislocation energy, rather it has to drag along the swept dis-
locations, which degrades its mobility. Accordingly, ran-
dom boundaries are obviously more capable of absorbing
(annihilating) the swept dislocations than special bound-
aries. In fact, TEM investigations have shown substantially
fewer extrinsic dislocations in the random grain boundaries
than in special boundaries [30].

7. Conclusions

The current research on GB dynamics in metals was re-
viewed. The boundary dynamics, i. e., the boundary reac-
tion to applied forces, is strongly dependent on the GB char-
acter, which is commonly reduced to the orientation
relationship between adjacent grains and impurity segrega-
tion on the boundary.

As shown on specific capillary driven GBs, boundary
motion strongly depends on the misorientation angle.
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Fig. 13. Relationship between the migration activation enthalpy H and pre-exponential factor v0 of the velocity equation (Eq. (4)) for migration of
GBs in Pb as obtained from an analysis of results of Aust and Rutter [27] (a) for different boundaries in Pb of equal purity (concentration of Sn in Pb
in ppm is noted in the figure), and (b) for all 17 measured boundaries in Pb with different crystallography and concentration of Sn from 1 to
13 wt.ppm.

Fig. 14. (a) GB mobility versus
degree of rolling u: * – 40.5
<111>; ~ – 37.7 <111>;
& – 40.5°<111> with twist com-
ponent 5.9° < w < 9.2°. (b) TEM
image of moved GB areas in a
rolled (1 %) bicrystal containing a
38° <111> pure tilt GB.
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However, the misorientation dependence of boundary mo-
bility is not confined to pure tilt boundaries. The most re-
cent experiments on Al bicrystals revealed that the motion
of <111> boundaries in Al in the vicinity of R7 misorien-
tation depends non-monotonically on misorientation angle
irrespective of the crystallographic configuration of the
curved moving boundary, whether pure tilt or mixed tilt-
twist.

In magnetically anisotropic materials GBs can be moved
by magnetic forces. Measurements on magnetically driven
planar symmetical and asymmetrical GBs have shown that
the inclination of the tilt boundary may have a very strong
influence on boundary mobility.

The compensation effect, i. e., the linear correlation be-
tween the activation enthalpy and logarithm of the pre-ex-
ponential factor, was repeatedly observed for the mobility
of GBs in materials of equal purity. A consequence of this
dependence is the existence of a compensation temperature,
at which the mobilities of different GBs are equal. The
compensation effect plays an important role in grain growth
and grain structure evolution, since it establishes the rela-
tionship between the mobilities of GBs in the granular sys-
tem at different temperatures.

The purity of a material has a great influence on GB mo-
tion. However, the observed orientation dependence of the
boundary mobility does not simply reflect the different seg-
regation behavior of coincidence and random boundaries,
as frequently proposed, rather it provides evidence for an
intrinsic dependence of GB mobility on GB structure. This
conclusion is also strongly supported by molecular dy-
namics simulations of boundary motion in absolutely pure
material.

The boundary character also influences dislocation ab-
sorption in migrating GBs in Al bicrystals. For pure tilt
(special) boundaries the mobility was found to decrease
substantially with increasing density of dislocations, while
for nontilt (random) boundaries there was practically no
difference in the boundary mobility of deformed and unde-
formed bicrystals.

The authors express their gratitude to the Deutsche Forschungsge-
meinschaft for financial support.

References

[1] H. Gleiter, B. Chalmers: High-Angle Grain Boundaries, Progress
in Materials Science, Vol. 16, Pergamon Press (1972).

[2] U. Czubayko, D.A. Molodov, B.-C. Petersen, G. Gottstein,
L.S. Shvindlerman: Meas. Sci. Technol. 6 (1995) 947.

[3] Y. Huang, F.J. Humphreys: Acta Mater. 47 (1999) 2259.
[4] J.W. Rutter, K.T. Aust: Acta Metall. 13 (1965) 181.

[5] V. Yu. Aristov, V.L. Mirochnik, L.S. Shvindlerman: Sov. Phys. So-
lid State 18 (1976) 137.

[6] V.G. Sursaeva, A.V. Andreeva, Ch.V. Kopezkii, L.S. Shvindler-
man: Phys. met. metall. 41 (1976) 98.

[7] D.A. Molodov, B.B. Straumal, L.S. Shvindlerman: Scripta Metall.
18 (1984) 207.

[8] G. Ibe, K. Lücke, in: Recrystallization, Grain Growth and Tex-
tures, H. Margolin (Ed.), ASM, Metals Park, Ohio (1966) 434.

[9] G. Ibe, W. Dietz, A.-C. Fraker, K. Lücke: Z. Metallkd. 6 (1970)
498.

[10] G. Ibe, K. Lücke: Texture 1 (1972) 87.
[11] D.A. Molodov, U. Czubayko, G. Gottstein, L.S. Shvindlerman:

Scripta Metall. Mater. 32 (1995) 529.
[12] D.A. Molodov, U. Czubayko, G. Gottstein, L.S. Shvindlerman:

Acta Mater. 46 (1998) 553.
[13] V. Ivanov, D.A. Molodov, L.S. Shvindlerman, G. Gottstein: to be

published.
[14] M. Upmanyu, D.J. Srolovitz, L.S. Shvindlerman, G. Gottstein:

Acta Mater. 47 (1999) 3901 .
[15] D.G. Brandon: Acta Metall 14 (1966) 1479.
[16] M. Winning, G. Gottstein, L.S. Shvindlerman: Acta Mater. 49

(2001) 211.
[17] G. Gottstein, H.C. Murmann, G. Renner, C. Simpson, K. Lücke,

in: Textures of Materials, G. Gottstein, K. Lücke (Eds.), Springer
Verlag, Berlin (1978) 521.

[18] J.Ch. Verhasselt, G. Gottstein, D.A. Molodov, L.S. Shvindlerman:
Acta Mater. 47 (1999) 887

[19] D.A. Molodov, G. Gottstein, F. Heringhaus, L.S. Shvindlerman:
Scripta Mater. 37 (1997) 1207.

[20] D.A. Molodov, G. Gottstein, F. Heringhaus, L.S. Shvindlerman:
Acta Mater. 46 (1998) 5627.

[21] G. Gottstein, D.A. Molodov, E. Rabkin, L.S. Shvindlerman,
I. Shapiro: Interface Sci 10 (2002) 279.

[22] M. Furtkamp, G. Gottstein, D.A. Molodov, V.N. Semenov,
L.S. Shvindlerman: Acta Mater. 46 (1998) 4103.

[23] G. Gottstein, L.S. Shvindlerman: Interface Sci 6 (1998) 267.
[24] T. Surholt, D.A. Molodov, Chr. Herzig: Acta Mater. 46 (1998)

5345.
[25] E.M. Fridman, Ch.V. Kopetskii, L.S. Shvindlerman: Z. Metallkd.

66 (1975) 533.
[26] K.T. Aust, J.W. Rutter: Trans. AIME 215 (1959) 119.
[27] K.T. Aust, J.W. Rutter: Trans. AIME 215 (1959) 823.
[28] D.A. Molodov, in: Migration of High Angle Grain Boundaries in

Metals, Shaker Verlag, Aachen (1999).
[29] S. Hoffmann, P. Lejcek: Interface Sci. 3 (1996) 241.
[30] D.A. Molodov, P. Konijnenberg, W. Hu, G. Gottstein, L.S. Shvin-

dlerman: Scripta Mater. 45 (2001) 229.

(Received May 14, 2003)

Correspondence address

Priv.-Doz. Dr. rer. nat. Dmitri A. Molodov
Institut für Metallkunde und Metallphysik, RWTH Aachen
D-52056 Aachen, Germany
Tel.: +49 241 80 2 6873
Fax: +49 80 2 2301
E-mail: molodov@imm.rwth-aachen.de

MK_mk17869 – 27.10.03/druckhaus köthen

D. A. Molodov et al.: Impact of grain boundary character on grain boundary kinetics

1126 Z. Metallkd. 94 (2003) 10

©
 2

00
3 

C
ar

l H
an

se
r 

V
er

la
g,

 M
un

ic
h,

 G
er

m
an

y 
   

w
w

w
.h

an
se

r.
de

/m
k 

   
N

ot
 fo

r 
us

e 
in

 in
te

rn
et

 o
r 

in
tr

an
et

 s
ite

s.
 N

ot
 fo

r 
el

ec
tr

on
ic

 d
is

tr
ib

ut
io

n.


