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Abstract

The migration of planar, symmetric tilt grain boundaries with different tilt axes was investigated. The driving force for the grain
boundary migration was due to an external mechanical stress field. Low as well as high angle grain boundaries can move under this
driving force and the activation parameters for the stress induced grain boundary motion are different for low and high angle grain
boundaries. The experiments showed a sharp transition from low angle grain boundary to high angle grain boundary behavior. The
transition is marked by a clear change in the activation enthalpy for the grain boundary motion without any extended range. We
present an overview of the existing experimental results and theoretical considerations of the structure of grain boundaries at the
transition. The observation that the transition depends on the rotation axis of the grain boundary and on the grain boundary plane
is particularly important, because this will influence the Brandon criterion which is often used in experiments and simulations of

grain growth and recrystallization processes.

© 2005 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

According to conventional grain boundary theory,
the transition from low angle to high angle grain bound-
aries occurs at a transition angle in the range of 10-20°,
but is not known exactly. On the one hand, experiments
determining grain boundary energies [1-3] suggest a
transition angle near 15°. On the other hand, one can
still discern single dislocations in grain boundaries with
misorientation angles near 20° by high resolution imag-
ing [4]. There exist neither experimental data nor theo-
retical concepts to determine the transition angle
exactly.

Recently, it was shown that planar tilt boundaries
with different tilt axes ({1 12), (1 11) and {1 00)) can
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be moved by an external mechanical shear stress, irre-
spective whether the boundary is a low angle or a high
angle grain boundary [5-7]. In these experiments, it
was also found that there exists a sharp transition from
low angle to high angle boundaries which could be
identified by a conspicuous step in the activation en-
thalpy at an angle of 13.6° for both (112)- and
(111) tilt axes, but at an angle of 8.6° for the
(1 0 0)-tilt axis. From these experiments, it seems that
the transition angle depends on the orientation of the
respective tilt axis.

In this study, experiments are presented where the
grain boundaries have a (1 0 0)-tilt axis, but in contrary
to the experiments in [7], the direction of the grain
boundary plane normal was different. The results of
these experiments show that the transition angle is
approximately 14.4° which is comparable to the results
in [5,6] and different to the transition angle which was
found in [7].
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Therefore, the aim of this study is to provide a quan-
titative explanation of the transition angle from low an-
gle to high angle behavior and to rationalize the
existence of distinct different transition angles in terms
of a critical dislocation density at the transition angle
for the different investigated tilt axes.

2. Experimental procedure

2.1. Measurement of grain boundary migration and
application of stress

To measure the grain boundary motion, a special
X-ray diffraction tracking device was used [8] which al-
lows the grain boundary position to be located continu-
ously without interruption of the migration process. The
specimen holder (see Fig. 1 [7]) was designed such as to
exert a shear stress parallel to the grain boundary nor-
mal. In order to apply the shear stress, a spring with a
well-defined spring constant is compressed. This com-
pression leads to a definite displacement of the upper
grip in Fig. 1. The lower grip is fixed so that the displace-
ment of the upper grip causes shear stresses at the sam-
ple and at the grain boundary which are parallel to the
grain boundary plane normal. The methods used to acti-
vate the migration of planar grain boundaries and the in
situ measurement of the stress-induced grain boundary
motion are described in detail in [5,7]. It should be noted
that the experiments showed that low angle as well as
high angle grain boundaries move under the applied
shear stress and that a steady-state motion of the grain
boundaries could be measured. Therefore, we could
determine the grain boundary velocity from the dis-
placement-time diagrams and it was found that grain
boundary velocity and external shear stress are
proportional.

2.2. Investigated grain boundaries

High purity aluminium bicrystals were used for the
experiments with a total impurity content of 7.7 and
1 ppm, respectively. The bicrystals were grown from
the melt by using a modified Bridgman technique. The
investigated grain boundaries were planar, symmetric
tilt grain boundaries with misorientation angles between
3-34° and different tilt axes ({1 12)-, {1 1 1)- and (1 0 0)
tilt axes). The different orientations of the analyzed
bicrystals are shown in Fig. 2. In the following, we as-
sume that each symmetric tilt grain boundary contains
only edge dislocations [1], which are the geometrically
necessary dislocations for the given misorientation an-
gle. It should be noted that the tilt axis alone is not suf-
ficient to describe properly symmetric tilt grain
boundary properties, therefore also the grain boundary
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Fig. 2. Orientations of the investigated bicrystals. The rotation axis is
marked by a dot. (a) (1 1 2)-tilt grain boundaries; (b) (1 1 1)-tilt grain
boundaries; (c) (1 00) (010)-tilt grain boundaries; and (d) (1 0 0)
(0 1 1)-tilt grain boundaries.
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Fig. 1. Sample holder for in situ experiments on planar grain boundaries under an external stress [7].
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Table 1
Average deviations from the given tilt axis and the symmetric position
for the investigated tilt grain boundaries

Tilt axis/transverse
direction

Average deviation Average deviation
from given tilt axis  from symmetric position

© ©

(1121 10) 1.62£0.12 0.75 +0.07
(L1 DA110) 1.53£0.15 0.74 + 0.05
(100Y(010) 2.63+0.31 0.69 + 0.06
(LOOYO11) 2.68 +0.25 0.55+0.05

normal, i.e. the migration direction, which is perpendic-
ular to the tilt axis, must also be specified. Consequently,
we distinguish between tilt grain boundaries with (1 0 0)-
tilt axis with a (0 1 0) grain boundary normal (Fig. 2(c))
and (10 0)-tilt grain boundaries with a (01 1) grain
boundary normal (Fig. 2(d)). We will see later that it
is important to characterize properly the orientations
of the two grains of the bicyrstals as well as the misori-
entations. For this, the bicrytsals are examined by Laue
reflection method and EBSD measurements. Table 1
compiles the average deviations from the given tilt axis
as well as from the symmetric position for the tilt axes
investigated here.

3. Experimental results
3.1. Motion of symmetric tilt boundaries

In this section, we present the results of in situ exper-
iments on symmetric (1 0 0) (0 1 1)-tilt grain boundaries
under the influence of an imposed mechanical shear
stress. The stress induced migration of grain boundaries
with the other tilt axes is described in detail in [5-7].

Fig. 3 shows the Arrhenius plot for a planar, symmet-
ric {1 0 0) (0 1 1)-tilt grain boundary with a misorienta-
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Fig. 3. Arrhenius plot for a planar, symmetrical (100) (01 1)-low
angle tilt grain boundary with 6 = 2.1°.

tion angle of 6=2.1°. Obviously, the stress-driven
grain boundary motion is a thermally activated process,
so that we can determine the activation parameters for
the grain boundary motion from the Arrhenius dia-
grams. The activation enthalpy for the motion of this
low angle grain boundary is AH=1.131£0.03¢eV,
whereas the pre-exponential factor is (7.95 + 0.86) x
10* m/s MPa.

Also in the case of planar, symmetric (1 0 0) (0 1 1)-
high angle tilt grain boundaries, the motion can be
induced by an external mechanical stress (Fig. 4). The
activation enthalpy for the motion of a grain boundary
with 0 =16.0° misorientation angle is AH =0.66 £
0.03eV  and the pre-exponential factor is
(4.42+0.38)x 10 m/s MPa. For the (112)- and
(1 1 1)-tilt grain boundaries, the activation parameters
are given in [5] and for the (1 0 0)-tilt grain boundaries,
the corresponding results can be found in [7].

3.2. Activation enthalpies for stress induced grain
boundary motion

As a summary of many experiments, Figs. 5-8 show
the dependence of the activation enthalpies on misorien-
tation angle for the different tilt axes. In all cases, there
is a difference between the low- and high-angle regimes.
For all low angle grain boundaries, a high activation en-
thalpy for the migration was found. At the transition,
the activation enthalpy drops down to a lower value.
Within the low angle regime, the activation enthalpy is
constant, within the high angle regime a constant activa-
tion enthalpy was found for the investigated (1 1 2) and
(111) grain boundaries. The transition occurs sharply
at a certain transition angle. In Table 2 for all tilt axes,
the average activation enthalpies for the low and high
angle grain boundaries as well as the respective transi-
tion angles are listed.
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Fig. 4. Arrhenius plot for a planar symmetrical (1 00) (0 1 1)-high
angle tilt grain boundary with 0 = 16.0°.
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Fig. 5. Activation enthalpy vs. misorientation angle for the motion of
all investigated planar, symmetric (1 1 2)-tilt grain boundaries.
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Fig. 6. Activation enthalpy vs. misorientation angle for the motion of
all investigated planar, symmetric (1 1 I)-tilt grain boundaries.
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Fig. 7. Activation enthalpy vs. misorientation angle for the motion of
all investigated planar, symmetric (1 0 0) (0 1 0)-tilt grain boundaries.
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Fig. 8. Activation enthalpy vs. misorientation angle for the motion of
all investigated planar, symmetric (1 0 0) (0 1 1)-tilt grain boundaries.

Average activation enthalpies for grain boundary migration and transition angles for the investigated tilt grain boundaries

Tilt axis/transverse direction Average activation enthalpy for

grain boundary motion low angle

grain boundaries (eV)

Average activation enthalpy for
grain boundary motion high
angle grain boundaries (eV)

Transition angle (°)

(112)(110) 1.29 +0.01
(11 D1 10) 1.29 +0.01
(100Y(010) 1.18 £0.08
(100Y(011) 1.09 +0.04

0.86 £ 0.07 13.6 £0.1
0.82£0.02 13.6 £0.6
0.73£0.11 8.6+ 0.15
0.65£0.02 144+ 1.6

4. Discussion

4.1. Stress-driven grain boundary motion of tilt grain
boundaries

As described in detail in [5] for {1 1 2)- and (1 1 1)-tilt
grain boundaries and in [7] for {1 0 0)-tilt grain bound-
aries, the migration mechanism of planar tilt grain
boundaries under the influence of a constant shear stress
can be conveniently associated with the motion of struc-
tural grain boundary dislocations. For all tilt axes, the
activation enthalpy for the motion of low angle grain

boundaries can be correlated with the activation enthalpy
for volume diffusion in aluminium [9]. The activation
enthalpies for the motion of high angle tilt grain bound-
aries can be associated with the respective grain bound-
ary diffusion enthalpies [10-12]. The applied shear stress
activates the glide motion of the geometrically necessary
dislocations. Moreover, real boundaries are never per-
fect symmetric tilt boundaries but always contain struc-
tural dislocations of other Burgers vectors, as can be
also seen from Table 1. These dislocations have to be
displaced by non-conservative motion to make the entire
boundary migrate. The climb process requires diffusion,
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which can only be volume diffusion for low angle grain
boundaries but grain boundary diffusion for high angle
grain boundaries according to the observed activation
enthalpies.

4.2. Transition from low to high angle grain boundaries

In our experiments on symmetric tilt grain bound-
aries, we observed a sharp change in the activation en-
thalpy of grain boundary mobility for all investigated
tilt axes and we interpret this step as the structural
transition from low angle to high angle grain
boundaries.

As can be seen from Table 2, the transition angles
for {112) and (1 11) tilt grain boundaries are the
same, but the transition angle for (100) (01 0)-tilt
grain boundaries is quite different, whereas the transi-
tion angle for (100) (01 1)-tilt grain boundaries is
comparable to the transition angle of (112)- and
(11 1)-tilt grain boundaries. How can we interpret
these results?

At the transition angle, we can assume that the diffu-
sion path for the vacancies is changed from volume to
grain boundary diffusion. This change in the diffusion
path depends on the dislocation distance in the grain
boundary. For low angle grain boundaries, the disloca-
tion distance is large, the dislocations can be localized as
isolated dislocations. To transport vacancies which are
needed for the climb process to the dislocations volume
diffusion is required. For high angle grain boundaries,
the distance between the dislocations is small, the dislo-
cation cores overlap and the transport of the vacancies
can be provided by grain boundary diffusion through
the grain boundary plane. At the transition angle, the
dislocation cores touch each other and, therefore, the
dislocation distance at the transition angle is the disloca-
tion core radius. We now assume that the dislocation
distance in the grain boundary at the transition angle
is the same for all tilt axes. The distance of the disloca-
tions is correlated with the dislocation density in the
grain boundary, therefore it is reasonable to postulate
that there is a critical dislocation density at which the
transition from low to high angle grain boundaries oc-
curs. The dislocation density in a grain boundary con-
sists of two parts. The first part is the dislocation
density of the geometrical necessary dislocations, which
can be calculated from the misorientation angle and the
grain boundary normal. The second part is the disloca-
tion density of other, redundant dislocations which exist
in the grain boundary due to deviations from the ideal
structure. This dislocation density can only be estimated
from the measured deviations from the ideal tilt axis. In
the following, we will calculate for every tilt axis the dis-
location density at the transition angle taking account of
the specified transition angle and the average deviations
from the ideal structure.

4.2.1. ({1 12)-tilt grain boundaries

The transition angle is at 045 = 13.6 = 0.1° and the
average deviation is A0y, = 1.62 + 0.12° (see Table 1).
Therefore, we obtain for the dislocation density at the
transition:

1 1 1

duans d112(13.6 £0.1°) + dgey(1.62 £0.12°)°
_ 2sinfgs 2gin 800
ot ot (1)

=(93+02)x10° m™,

1

trans

dians = (1.08 £ 0.02) x 10~° m,

where b;o is the Burgers vector with b;;o=2.86x
107" m.

4.2.2. (1 1 1)-tilt grain boundaries

The transition angle is at Oy, = 13.6 = 0.6° and the
average deviation is A0y = 1.53 + 0.15° (see Table 1).
Therefore, we obtain for the dislocation density at the
transition:

1 1 1

dome A1 (136 £0.69) | da(1.53 £ 0.15)"

Al 1y
2

b110 b110 ’ (2)
=(9.240.5) x 10* m™",

2sinfes  2sin

1

dtrans

digans = (1.09 +0.06) x 10~° m.

4.2.3. (100) (010)-tilt grain boundaries

The transition angle is at 04, = 8.6 £ 0.15° and the
average deviation is Ao =2.63 £ 0.31° (see Table 1).
Therefore, we obtain for the dislocation density at the
transition:

1 2 1
dom  d100(8.6 £ 0.15) | duor(2.63 £ 031°)

Al 00
2

B 4sin% 2sin
N blOO l:)110 ’ (3)
=(9.04+0.3) x 10* m™",

1

dtrans

dians = (1.11 £0.04) x 10~° m,

where bygo is the Burgers vector with b;go =4.04 %
107! m. The factor 2 in Eq. (3) is due to the fact that
in (1 0 0)-tilt grain boundaries the {1 0 0)-edge disloca-
tions can dissociate into pairs of {1 1 0)- lattice edge dis-
locations [7].

4.2.4.(100) (01 1)-tilt grain boundaries

The transition angle is at Oy,,s = 14.4 + 1.6° and the
average deviation is A6y = 2.68 £ 0.25° (see Table 1).
Therefore, we obtain for the dislocation density at the
transition:
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1 1 1
dirans  d1oo(14.4 4+ 1.6°) + dgev(2.68 +0.25°)°

Al 00
2

+ ;
bi1o biio (4)
= (1044 1.0) x 10> m™",

2sinfes  2sin

trans

digans = (0.97 +£0.09) x 10~° m,

where b;o is the Burgers vector with b;;o=2.86x
107" m.

These calculations show that there is a good agree-
ment between the dislocation densities at the transition
from the low to the high angle regime for the different
grain boundaries. However, the dislocations in (1 0 0)-
grain boundaries interact in a slightly different way than
in the other grain boundaries. The lower transition angle
for (1 0 0)-tilt boundaries can be explained under the
assumption that the dislocation density in the grain
boundary at the transition angle is independent of the
orientation and that the (1 0 0)-edge dislocations disso-
ciate into pairs of {1 1 0)-lattice dislocations which was
indeed observed in high resolution transmission electron
microscope investigations [13].

The dislocation density of all dislocations in the grain
boundary is the same at the transition angle for all grain
boundaries, but the transition angle is dependent on the
misorientation angle. Therefore, deviations from the
ideal structure or dissociations of dislocations can
change the transition angle. The dislocation density at
the transition is approximately 9 x 105m™", in the case
of an ideal grain boundary structure without any devia-
tions. Under the assumption that the dislocations are
not dissociated, this corresponds to a transition angle
equal to 15.07° which is in remarkable agreement with
the commonly used value for instance for the Brandon
criterion [3]. Nevertheless, in reality grain boundaries
with ideal structures are unlikely to be observed, there-
fore the transition angle will vary appreciably from the
theoretical value as was shown for (10 0)-tilt grain
boundaries. In general, it also predicts that high symme-
try misorientation axes will exhibit higher transition an-
gles whereas less symmetric axes will exhibit lower
transition angles because of higher intrinsic dislocation
densities for the same value of misorientation.

The variation in dislocation density is clearly essential
to the prediction of the transition angle. Accordingly,
the minimum dislocation density was calculated for a
representative range of grain boundary types, as shown
in Fig. 9. The density was estimated as the minimum
density of lattice dislocations required to satisfy the mis-
orientation according to the solution originally pro-
posed by Frank [14] and repeated in various
textbooks, e.g., Sutton and Balluffi [15]. Although gen-
eral grain boundaries require three independent Burgers
vectors, certain high symmetry cases may only require

Fig. 9. Minimum dislocation density of lattice dislocations in depen-
dence on the orientation of the grain boundary plane for different
rotation axis. (a) {0 0 1)-grain boundary; (b) (0 2 5)-grain boundary;
(c) (0 1 1)-grain boundary; (d) (1 1 2)-grain boundary; (e) (1 1 1)-grain
boundary; (f) {1 1 3)-grain boundary; and (g) {1 2 5)-grain boundary.
The numbers inside the circles represent the dislocation density in
arbitrary units, the larger the number is the higher the dislocation
density. The highest dislocation density in each circle is marked by a
“H”, the lowest dislocation density is marked by a “L”.

two or one Burgers vectors. Thus, three of the boundary
types discussed here with (1 1 0) planes fall into the one-
Burgers vector class (of symmetric tilt grain boundaries).
The fourth, [0 1 1] (1 00) is a two-Burgers vector grain
boundary. Each circle in Fig. 9 displays the variation
in density for a given misorientation axis as a function
of grain boundary plane. In all these cases, the misorien-
tation axis is evident as the local maximum in density in
each figure, corresponding to the pure twist grain
boundary type. The minimum dislocation densities
occur along the zone of pure tilt types. The minimum
dislocation density invariably occurs for grain boundary
planes whose normals are parallel to (or closest to) a
Burgers vector, i.e. (110), as expected. For the two
grain boundary types based on the [1 0 0] misorientation
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axis, the density for the (0 0 1) plane is 42% higher than
for the (0 1 1) plane.

If we compare the minimum dislocation densities for
the experimentally investigated tilt grain boundaries in
Fig. 9, then we can notice that for (112) (011),
(111)(011)and {100) (01 1) this minimum disloca-
tion density is nearly the same, consequently, the transi-
tion angle should be the same, because the critical
dislocation density is reached for all three grain bound-
ary types at the same misorientation angle. The mini-
mum dislocation density for the (100) (010) grain
boundary type is larger than for the other three grain
boundary types, which means that the critical disloca-
tion density in the (100) (010) grain boundary is
reached at a lower misorientation angle, and therefore,
the transition angle should be smaller than for the tilt
grain boundaries with (0 1 1)-direction parallel (or close
to) the grain boundary plane normal direction. The cal-
culation of the dislocation density according to Frank
[14] is in good agreement to the above described theoret-
ical approach and also in good agreement with the
experimental results.

5. Summary

The motion of planar low angle and high angle tilt
grain boundaries can be induced by a mechanical shear
stress and measured in situ. Arrhenius plots can be used
to determine the activation parameters for the stress in-
duced grain boundary motion.

The activation enthalpy for low angle grain bound-
aries is constant and comparable to the volume self dif-
fusion enthalpy in aluminium. For high angle grain
boundaries, the activation enthalpies for the grain
boundary motion are close to the grain boundary dif-
fusion enthalpy. Based on the different activation
enthalpies for the stress induced grain boundary mo-
tion, the experiments reviewed allow a precise separa-
tion of low and high angle grain boundary behavior.
Therefore, for the first time we are able to determine
the transition angle very exactly by a sharp change in
a physical property, namely the grain boundary
mobility.

Based on the measured activation enthalpies of
migration, the stress-driven motion of planar tilt grain
boundaries can be associated with the climb assisted

motion of the dislocations that
boundary.

There exists a discrete step change in the activation
parameters at the transition from low angle to high an-
gle grain boundaries. The transition is marked by a dis-
tinct step in the activation enthalpy for grain boundary
motion and occurs at different angles for different tilt
axes. The difference in the transition angles can be ex-
plained by the differences in dislocation structures of
the grain boundaries.

compose the
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