ELSEVIER

Available online at www.sciencedirect.com

ScienceDirect

Acta Materialia 57 (2009) 5396-5405 O

OOQ)Acta MATERIALIA

www.elsevier.com/locate/actamat

Stress-driven migration of symmetrical (1 0 0) tilt grain boundaries
in Al bicrystals

Tatiana Gorkaya, Dmitri A. Molodov *, Giinter Gottstein

Institute of Physical Metallurgy and Metal Physics, RWTH Aachen University, D-52056 Aachen, Germany

Received 3 July 2009; accepted 20 July 2009
Available online 18 August 2009

Abstract

Stress-induced migration of planar grain boundaries in aluminum bicrystals was measured for both low- and high-angle symmetrical
(1 00) tilt grain boundaries across the entire misorientation range (0-90°). Boundary migration under a shear stress was observed to be
coupled to a lateral translation of the grains. Boundaries with misorientations smaller than 31° and larger than 36° moved in opposite
directions under the same applied external stress. The measured ratios of the normal boundary motion to the lateral displacement of
grains are in an excellent agreement with theoretical predictions. The coupled boundary motion was measured in the temperature range
between 280 and 400 °C, and the corresponding activation parameters were determined. The results revealed that for mechanically
induced grain-boundary motion there is a misorientation dependence of migration activation parameters. The obtained results are dis-

cussed with respect of the mechanism of grain-boundary motion.

© 2009 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Motion of symmetrical low-angle tilt grain boundaries
under a mechanical stress was predicted by Read and
Shockley [1] and first experimentally observed in the classi-
cal experiments by Washburn and Parker [2], Li et al. [3]
and Bainbridge et al. [4] in the 1950s for low-angle bound-
aries in Zn. The mechanism of this motion is the collective
glide of edge dislocations which comprise such boundaries
[1]. Shear stress acting on the boundary plane causes a glide
force on each edge dislocation [5], and thus results in the
motion of the entire boundary. The dislocation glide causes
a shear strain of the crystal region through which the
boundary has migrated.

In a previous paper [6], we reported the results of exper-
iments with symmetrical low-angle (1 0 0) tilt boundaries in
Al bicrystals. The dependence of the normal boundary
velocity on the driving force was measured, and the
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magnitude of the boundary mobility was determined.
According to the edge dislocation structure of such bound-
aries, their normal displacement under a mechanical stress
was confirmed to be coupled to a shear deformation, which
in a bicrystal with a planar boundary is observed as a tan-
gential translation of the adjoining grains. In similarly
loaded bicrystals, (1 00) tilt boundaries with misorienta-
tion angles close to 0° and close to 90° were observed to
move in opposite directions. This demonstrated that low-
angle (1 0 0) boundaries with tilt angles from opposite sides
of the misorientation range (0-90°), which consist of differ-
ent dislocation arrangements, react with a different
response to an applied mechanical stress [6].

The dislocation glide mechanism of boundary motion
coupled to a shear deformation is commonly understood
to be limited to boundaries with low tilt angles, since at
higher misorientations the dislocation model is no longer
applicable. However, recent theoretical investigations by
Cahn et al. [7-9] and by Caillard et al. [10] predict that a
coupling between normal boundary motion and lateral
translation of the adjacent grains can occur for high-angle
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boundaries as well, and this has been also corroborated
by molecular dynamics (MD) computer simulations by
Mishin et al. [11,12], Zhang et al. [13] and Elsener et al.
[14]. In fact, Watanabe et al. [15] and Fukutomi et al.
[16-18] reported that some high-angle tilt boundaries with
low X CSL orientation relationships in Zn and Al bicrystals
can be moved by an applied shear stress in this fashion,
which causes a shape change of the bicrystal. A similar
behavior was observed by Sheikh-Ali et al. [19-21] for var-
ious low X tilt boundaries in Zn and by Yoshida et al. [22]
for a X11 boundary in cubic ZrO, bicrystals. The motion of
various low- and high-angle grain boundaries under an
applied shear stress in Al was also reported by Winning
et al. [23-25]. Quite recently, the coupling between grain-
boundary motion and shear deformation was observed
by Mompiou et al. in in situ TEM experiments in Al poly-
crystals [26].

In recent years grain-boundary migration coupled to
grain translation has become a subject of extensive discus-
sion in the literature with respect to the impact of this phe-
nomenon on mechanical properties of ultra-fine-grained
and nanocrystalline materials. As revealed by molecular
dynamics (MD) simulations, probably due to constraints
of both nucleation and motion of dislocations in very small
grain-sized polycrystals, there is a critical grain size, below
which even a reversed Hall-Petch effect can be observed
(flow stress decreases with decreasing grain size), i.e. the
mechanism of plasticity is probably changed [27,28].
Grain-boundary migration accompanied by shear is consid-
ered as one of the alternative deformation mechanisms of
nanocrystalline materials [29,30]. In fact, recent TEM inves-
tigations of stress-assisted grain growth [31] and boundary
motion associated with shape changes [32]in nanocrystalline
aluminum films provide evidence that plasticity can effec-
tively be mediated by grain-boundary migration.

However, there is an obvious lack of reliable experimen-
tal data on boundary migration—shear coupling, and in situ
TEM observations on polycrystals only are insufficient for
a comprehensive understanding of this phenomenon. The-
oretical models and results of computer simulations are
most appropriately validated in experiments on individual
grain boundaries with well-defined structure, i.e. in spe-
cially grown bicrystals. Moreover, measurements of
boundary migration coupled to shear under a constant
mechanical loading provide the opportunity to extract
the value of boundary mobility, to determine its tempera-
ture dependence and to compare the migration kinetics of
structurally different grain boundaries.

In the current paper we apply this approach for an
investigation of boundary migration coupled to shear in
bicrystals containing various low and high-angle (1 0 0) tilt
boundaries.

2. Experimental

The experiments were conducted on commercially pure
aluminum (99.998%) bicrystals, grown in a graphite mold

by the Bridgman method. Symmetrical low- and high-angle
(100) tilt grain boundaries with misorientation angles
across the entire misorientation range between 0° and 90°
were examined. The orientation of the crystallographic
axes of the monocrystal seeds and the fabricated bicrystals
was measured by the Laue technique [1] with an accuracy
of 4+ 0.2°. The measured misorientations across the bound-
ary and the misalignment of the normal directions to an
ideal [0 0 1] axis for both adjoining crystals in the investi-
gated bicrystals (Fig. 1) are given in Table 1.

Shear stress-induced boundary motion was measured in
the specimens with a cross-section of about
49 mm x 4.7mm (Fig. 1b) fabricated from the grown
bicrystals by electro-discharge machining and subjected
to tensile loading as depicted in Fig. 2. Constant tensile
forces between 5 and 20 N resulted in shear stresses in
the range between 0.05 and 0.5 MPa. The experiments were
conducted in the temperature interval between 280 and
400 °C, and the temperature was controlled with an accu-
racy of 0.5°. Prior to annealing under stress the specimens
were electrolytically polished. The annealing time under
stress ranged from 0.9 x 10° to 14.4 x 10*s (15 and
240 min). The boundary displacement was revealed and
measured by optical orientation contrast on the surface
of the bicrystal (Fig. 3).

In order to determine the direction of boundary motion
the specimens were etched after annealing under stress in a
solution of 18 ml HCI, 7 ml HNO3;, and 3 ml HF for 3-4 s.
Due to different orientations of the square-shaped etch pits
on the (100) surface the final boundary location and,
therefore, the direction of boundary migration was identi-
fied (Fig. 3).

For characterization of the relation between the lateral
translations of the grains parallel to the boundary and
the normal boundary displacement the surface of the

. [001],

« [001]
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Fig. 1. (a) Grown Al bicrystal with a slightly etched surface to reveal the
grain boundary and (b) specimens (with cross-sections ~4.9 mm x 4.7 mm)
for the tensile loading.
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Table 1

Misorientations 6 and orientations of adjoining crystals in the investigated

bicrystals; Ax and Ay are deviations of the [0 0 1] direction from the sheet

normal, Az is the rotation angle around the z axis (Fig. 1b),
=|Az)| +|Azy).

0+0.5(°) Crystal 1 Crystal 2
Ax(°)  Ay() Az () Ax(®) Ay () Az (9
5.6 -1.2 -0.2 2.8 0.6 -0.3 -2.8
5.7 -0.7 -0.3 3.1 0.2 -0.2 -2.6
5.8 -0.3 -0.2 3.2 0.2 -0.2 -2.6
6.8 0.3 -0.8 -2.9 -0.9 -0.7 3.9
7.3 0.1 -0.8 -3.2 -0.2 -0.7 4.1
10.2 -0.5 -0.9 4.1 0.4 -0.5 6.1
10.5 0.2 0.5 4.6 -0.4 0.2 -5.9
17.6 -0.5 -0.5 9.0 -0.5 -0.5 -8.6
17.7 0.3 -0.4 9.0 0.4 -0.3 -8.7
17.8 0.4 -0.4 9.0 0.5 -0.4 -8.8
21.5 0.5 1.5 -9.9 0.9 -1.0 11.6
22.0 0.1 0.6 -10.7 1.0 -1.0 11.3
28.9 -0.1 -1.1 -14.2 0.2 -0.7 14.7
29.2 0.0 -0.7 -14.3 0.4 -0.9 14.9
30.5 0.3 -0.9 -14.2 0.4 -1.0 16.3
36.5 0.2 0.3 18.8 0.5 -0.5 -17.7
37.5 -1.1 -2.9 19.7 -1.0 -1.2 -17.8
437 0.6 1.3 -22.0 0.0 0.1 21.7
454 0.3 0.5 -22.1 0.3 -0.1 23.3
48.9 0.2 -0.1 24.9 -0.3 0.1 -24.0
49.0 0.2 0.2 24.7 -0.7 0.2 -24.3
55.4 0.0 -0.1 28.3 0.2 0.3 -27.1
56.2 -0.7 -0.8 28.5 2.7 -1.8 -27.7
60.0 0.0 0.0 30.0 0.2 -0.1 -30.0
61.0 -0.1 -0.2 30.3 -0.2 -0.9 -30.7
66.6, -0.2 -0.6 333 0.8 -0.4 -33.3
66.6, -0.9 -0.5 334 1.2 -0.6 -33.2
67.5 0.6 -0.6 33.9 0.2 -0.5 -33.6
76.1 -0.9 -0.5 38.3 0.0 -0.5 -37.8
76.3 -0.9 -0.5 38.6 -0.2 -0.4 -37.7
81.0 -0.6 0.5 40.7 1.1 -0.2 —40.3
81.2 -0.5 0.1 40.5 -0.5 -0.1 -40.7
84.2 -0.4 0.5 424 -1.0 -0.6 41.8
84.4 0.2 0.6 —42.3 0.7 0.5 4.1

E "'-—-——-speclmen
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¥

Fig. 2. The specimen is heated through both the top and bottom grips of
the testing machine and subjected to constant tensile force after the
specimen reached the desired temperature.
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Fig. 3. Traces of the initial and final position of a 76.1° (100) tilt
boundary on the specimen surface after 75 min annealing at 320 °C under
an applied tensile stress of 0.43 MPa. Square-shaped etch pits on the
surface of the consumed and the growing grain are oriented differently and
therefore reveal the direction of boundary migration (right to left).

specimens was scratched parallel to their axis prior to
annealing to produce reference marks (Fig. 4).

3. Results

The results revealed that mechanically induced bound-
ary migration associated with a shear deformation was
not restricted to symmetrical low-angle and some special
low ¥ CSL boundaries but occurred for all investigated
high-angle (1 0 0) tilt boundaries. Fig. 4 depicts the surface
of bicrystals with 17.8° and 66.6° (1 00) tilt boundaries
after annealing under stress. As apparent from the marking
lines on the surface of the bicrystals and the shape change
of the specimens (Fig. 4b), the normal boundary displace-
ment is accompanied by shearing of the specimen region
through which the boundary has migrated.

The experiments showed that in similarly loaded bicrys-
tals, (10 0) tilt boundaries with 6 <31° and 6 > 36° move
in opposite directions.

Furthermore, the experiments revealed that boundary
migration under an applied mechanical stress was ther-
mally activated and that its rate v, depended on tempera-
ture according to an Arrhenius-type dependence

v, = voexp(—H /kT) (1)

where H is the activation enthalpy of grain boundary
migration.

The grain boundary mobility m in the current experi-
ments was determined from the relation between the nor-
mal boundary velocity v, and the driving force p:
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Fig. 4. Grain boundary migration accompanied by shear for (a) 17.8° (1 0 0) symmetrical tilt boundary after 68 min annealing at 375 °C under a tensile
stress of 0.27 MPa, and (b) 66.6° (1 0 0) symmetrical tilt boundary after 170 min annealing at 355 °C under a tensile stress of 0.26 MPa. The coupling
factor  was determined as the ratio of the grain’s lateral translation s to the normal boundary displacement d.

m=v,/p (2)

The driving force on a symmetrical tilt boundary with
misorientation angle 6 caused by a shear stress t reads

p=r1sing (3)

where ¢ = 6 for misorientations close to 0, and ¢ = 60 — 90°
for 0 close to 90°. Eq. (3) derived for low-angle boundaries
[1] was assumed to hold also for high-angle boundaries.

Since the driving force is independent of temperature,
the temperature dependence of v, is the temperature depen-
dence of the grain boundary mobility

m = v,/p = myexp(—H /kT) (4)

The boundary motion was measured in the temperature
range between 280 and 400 °C (Fig. 5). The migration acti-
vation parameters (H and myg) obtained from Arrhenius
plots for all investigated boundaries are listed in Table 2.

Boundary migration coupled to a shear was not the only
possible response of the boundary to the applied stress
observed in the current experiments. In bicrystals with
high-angle boundaries a rigid translation of grains along
the boundary plane (grain boundary sliding) occurred,
especially in the high-temperature regime (Fig. 6). Investi-
gations into the details of this phenomenon (threshold
stress, temperature range, etc.) in Al bicrystals containing
different symmetrical tilt grain boundaries are in progress.

4. Discussion

4.1. Coupling normal grain boundary motion to shear strain
The experiments have unambiguously shown that not

only low-angle tilt boundaries produce a shear during their

motion under stress [1-4,6], but also high-angle boundary
migration is accompanied by a shear deformation of the

crystal region swept by the boundary. Evidently the motion
in this fashion is a typical response of any symmetrical
(100) tilt boundary, not only some low X boundaries
[15-22], to the applied shear stress.

As suggested by Cahn and Taylor [7], a coupling
between boundary migration normal to its plane and the
lateral translation of grains can be described by the ratio
B = vy/v, = s/d (Fig. 4a), where v and v, are the lateral
translation rate and the boundary velocity, respectively.
The ratio f§ is referred to as the coupling factor.

The experimentally obtained values of the coupling fac-
tor, averaged over all investigated specimens of a respective
bicrystal, are given in Fig. 7. Since boundaries with 0 < 31°
and 0 > 36° migrate in opposite directions, the correspond-
ing values of f§ are different in sign.

A misorientation dependence of the coupling factor
for low-angle symmetrical tilt boundaries was predicted
by Read and Shockley. For a symmetrical tilt boundaries
moving by collective glide of their structural dislocations
elementary dislocation geometry requires that the cou-
pling factor f relates to the misorientation angle 6 as
B =2 tan(0/2) ~ 0 [1]. As has been established by com-
puter simulations [10] and demonstrated experimentally
[6], for low-angle (100) tilt boundaries there are two
branches of the misorientation dependence of . For mis-
orientations 6 close to 0, i.e. when boundary motion can
formally be represented by slip of dislocations with b = a
(010) on {001}

0
By = 2tan (5) (5)
whereas for 0 close to 90° (slip on {110} with b=5§(110))
n 0
= —2 _— =
Bty tan (4 2) (6)
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Fig. 5. Temperature dependence of the mobility for some investigated stress-driven (1 0 0) tilt grain boundaries.

Recently, Cahn et al. [8] have analyzed the Frank-Bilby
equation [33] for the dislocation content of grain bound-
aries. Two solutions of this equation for (1 0 0) symmetri-
cal boundaries between fcc crystals were examined, each of
which is an accurate description for the two types of low-
angle grain boundaries that exist at the extremes of the
misorientation range between 0° and 90°. The model of
coupled boundary motion by Cahn et al. [8,9], based on

this analysis, predicts that Egs. (5) and (6), derived for
low-angle boundaries, retain their validity also in the
high-angle regime.

As seen in Fig. 7, there is excellent agreement between
the current experimental data and the coupling factors cal-
culated according to Eqgs. (5) and (6). Therefore, the exper-
imental results evidence that for (1 00) tilt boundaries
there are indeed two geometrically different mechanisms
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Table 2
Migration activation enthalpy and pre-exponential mobility factor for the
motion of (10 0) tilt boundaries in Al coupled to shear strain.

Tilt angle, Activation enthalpy, Pre-exponential factor,
0 (°) H (eV) log (mg) (m*J7's7)
5.6 1.47 +0.37 0.07 + 3.09
5.7 1.44 +0.06 -1.01 +£0.49
5.8 1.36 £0.10 —-1.46 £ 0.81
6.8 1.38 £0.10 -0.86 +0.81
7.3 1.52 +£0.10 0.29 +0.79
10.2 1.37 £0.39 -0.90 + 3.30
10.5 1.424+0.33 -0.53 +£2.74
17.6 1.36 +0.40 -1.63 +3.39
17.7 1.35+0.25 -1.76 4= 2.04
17.8 1.44 +0.24 -1.01 +£1.97
21.5 1.17 £ 0.05 -2.87+0.41
22.0 1.32+0.30 -1.67 +2.44
28.9 1.12+0.10 -4.14 £ 0.81
29.2 1.36 £0.16 -2.45+1.30
30.5 1.32+0.20 -2.82 4+ 1.68
36.5 1.10 £0.14 471 +1.17
37.5 1.51+0.12 -1.37+0.93
43.7 1.13 £0.06 -4.354+0.50
454 1.37 £0.06 -2.28 +£0.52
48.9 1.41 £0.26 -1.79 +£2.17
49.0 1.35+0.12 -2.35+1.01
55.4 0.91 £0.09 -5.71 +£0.78
56.2 0.97 £+ 0.06 -4.88 +0.51
60.0 1.65+0.36 0.45 +2.95
61.0 1.46 £0.11 -1.17 £ 0.88
66.6 1.20 £0.26 -3.4442.14
66.6 1.19 £+ 0.06 -3.03 +0.47
67.5 1.25+0.22 -2.90 + 1.75
76.1 1.58 +0.09 0.48 +0.70
76.3 1.58 £0.06 0.31 £0.51
81.0 1.52 +£0.06 0.34 £0.55
81.2 1.44 +0.09 -0.324+0.78
84.4 1.40 £0.13 -0.22 +1.08
84.2 1.50 £ 0.05 0.72 £0.39

a

15 1

[ \

(4
05 - ° Baoros = 2tan(§)

Coupling factor
o

Baros = _Ztan(%_g)
-1.5 -

Misorientation angle 6 [deg]

Fig. 7. Misorientation dependence of measured (points) and calculated
(lines) coupling factors for the investigated (1 0 0) symmetrical tilt grain
boundaries.

({1 00) and (1 1 0) modes as defined by Cahn et al. [8,9]) of
coupling between normal boundary motion and lateral
grain translation. Furthermore, the current results substan-
tiate that the Frank—Bilby equation still applies, although
in high-angle boundaries the structural dislocations cannot
be resolved.

The switching between coupling modes was observed to
occur at a misorientation angle between 30.5° and 36.5°.
An analysis of the critical resolved shear stress for (1 0 0)
tilt boundary motion by considering the Peierls—Nabarro
stress for individual dislocation glide revealed [8,9] that
{110} slip in the (110) direction responsible for the
(110) mechanism of coupling must be much easier than
{100} slip in the (1 0 0) direction. Therefore, the crossover
between the two operative mechanisms in the coupled

b

Fig. 6. (a) Sliding (s) along a 28.2° (1 0 0) symmetrical tilt boundary during annealing at 360 °C under a tensile stress of 0.45 MPa. (b) Coupled migration
of a 30.5° (1 0 0) symmetrical tilt boundary at 360 °C under a tensile stress of 0.42 MPa, accompanied by sliding during the initial (s1) and the final (s2)

stages of the annealing.
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motion of (1 00) tilt boundaries can be expected at a mis-
orientation angle 0 < 45° as is, in fact, observed in the cur-
rent experiment. It is worth noting that although this
analysis was performed by an examination of the (10 0)
and (110) sections of gamma surfaces calculated with
the embedded-atom potential for Cu [8,9], the prediction
is consistent with the current result obtained on Al
bicrystals.

4.2. Activation parameters of the migration of stress-driven
(1 00y boundaries and their interdependence

The experiments revealed that the temperature depen-
dence of the mobility of stress-driven symmetrical (1 0 0)
tilt boundaries depends on misorientation angle. As
depicted in Fig. 8a, the measured activation enthalpy of
stress-driven boundary motion varies with misorientation
angle within a rather wide range between 1.0 and 1.6 ¢eV.
However, the scatter of the activation enthalpy values is
not uniform over the entire range of tilt angles. For bound-
aries in both low-angle regimes (6 < 18° and 0 > 76°) the
migration activation enthalpy was virtually the same with
an only slight scatter from the mean value of about
H=145¢V.

By contrast, in the high-angle regime the activation
enthalpy changes considerably (Fig. 8a). A closer inspec-
tion of the H(0) plot reveals, however, that there is a spe-
cific misorientation dependence of the activation enthalpy
for high-angle boundaries, such that the lower H values
correspond to boundaries which can be associated with
misorientations close to low X CSL orientation
relationships.

The pre-exponential mobility factor m, behaves simi-
larly (Fig. 8b). In both low-angle ranges the m, values were
about 107 m* J™' 57!, whereas in the high-angle regime they
were found to be essentially different. For boundaries with
low activation enthalpy the pre-exponential factor was up
to five orders of magnitude smaller than for low-angle
and high-angle boundaries with high activation enthalpy
(Fig. 8b).

25
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An analysis of the obtained activation enthalpy H and
pre-exponential factor my renders that they do not scatter
stochastically, but are related. The changes of H and my
with misorientation angle follows the compensation law,
i.e. there is a relationship between activation enthalpy
and pre-exponential factor, such that the activation
enthalpy changes linearly with In(m) (Fig. 9a):

H =kT.In(my) + B (7)

where B is a constant and T is the critical (compensation)
temperature, which is defined by

mr, = myexp(—B/kT.) (8)

From Fig. 9a it can be extracted that 7.~ 200 °C.
Above this temperature the boundaries with a higher
activation enthalpy (measured for low-angle and non-
coincidence high-angle (1 00) tilt boundaries) move fas-
ter (Fig. 9b). The migration activation enthalpy for
high-angle (1 00) boundaries with tilt angles close to
low ¥ CSL orientations was found to be lower but also
associated with a smaller pre-exponential factor. Corre-
spondingly, these boundaries will be more mobile at tem-
peratures below 7.

The compensation effect was observed in various physi-
cal and physico-chemical processes, particularly in ther-
mally activated grain boundary processes, like grain
boundary migration, diffusion and internal friction [34—
36]. The fundamentals of this effect are discussed elsewhere
[37,38].

It is worth noting that the migration activation enthal-
pies of (1 00) tilt grain boundaries obtained in the current
experiment differ from those obtained in experiments with
curvature-driven (1 0 0) tilt grain boundaries in bicrystals
of high-purity Al. According to different authors [39-41]
the activation enthalpies for migration of curvature-driven
boundaries range from 0.7 up to 2.8 eV. This difference in
the migration activation enthalpy for differently driven
boundaries strongly indicates that the migration mecha-
nisms may depend on the kind of driving force for bound-
ary motion and its coupling with the boundary structure.

10°

10°}

m, [m*/Js]
=)
g
e
* .

e
o
ey

10‘72 [ ! ! ! ! ! ! ! !
0 10 20 30 40 50 60 70 80 90
0 [deg]

Fig. 8. Activation parameters (activation enthalpy and pre-exponential factor of mobility equation) of stress-induced migration of the investigated (1 0 0)

symmetrical tilt grain boundaries.



T. Gorkaya et al. | Acta Materialia 57 (2009) 5396-5405 5403

1.8

1.6}
1.4}

1.2}

H [eV]

4
m,[m'/Js]

T[°C]
400 350 300 250 200
b ° 76.3°<100>
10"k = 36.5° <100>
10" L .
— | )
310‘“
<
£
E10'15 RS T,
10k \\:‘t‘\ittt\ l
“\“c.
10-17 ! ! ! ! ! ! ! N
14 15 16 17 18 19 20 21 22

10%T [K"]

Fig. 9. (a) Relationship between activation enthalpy H and pre-exponential factor my obtained for stress-driven migration of symmetrical (1 0 0) tilt grain
boundaries and (b) mobility vs. reciprocal temperature for 76.3° (1 0 0) and 36.5° (1 0 0) boundaries.

4.3. On the mechanism of stress-driven migration of (1 0 0)
tilt boundaries

MD simulations [9,10] suggest that there are two basic
mechanisms of shear stress-induced migration of the
(100) tilt boundaries. They correspond to boundary
motion in (1 00) and (1 1 0) modes. The common feature
of these mechanisms is that a boundary moves by conver-
sion of atomic lattice units of one crystal into structural
units of the other crystal which are differently oriented
and located. Such a rearrangement includes local atomic
displacements and subsequent rotation of atomic groups
(atomic shuffling) that comprise the structural units of
the boundary [9]. Boundary motion in the normal direction
proceeds first by creation of an “island” of one crystal ori-
entation in the neighboring crystal. Laterally this “island”
is separated from the disoriented crystal by a line defect
known as disconnection [42]. In response to the shear stress
acting on the boundary, this defect glides on the boundary
plane extending the “island”. When the disconnection loop
extension is completed, the entire boundary is displaced in
the normal direction by the step height of the disconnection
h, and the neighboring crystals are translated by the mag-
nitude of the disconnection Burgers vector b, such that
by=p-h[9,42].

An important feature of the migration mechanism for
(1 00) symmetrical tilt boundaries found in simulations is
that it does not involve diffusion. The formation of an
“island” of critical size, however, is a thermally activated
process. The two mechanisms found in simulations of
(1 00y tilt boundary motion differ with respect to the form
of involved structural units and the displacement of atomic
sites [9]. However, irrespective of the mode of coupling, in
both low-angle regimes the experimentally obtained migra-
tion activation enthalpy is essentially the same. Further-
more, within the angular ranges where coupled boundary
motion occurs in the same mode (up to 30.5° and above
36.5°) the activation parameters do not remain constant.

Evidently, the activation parameters H and my are not
defined by the geometrical mode of boundary motion,
(100) or (110), rather than by the boundary structure
as defined by the tilt angle 6. The more ordered the struc-
ture of the boundaries as denoted by low X orientations
the lower the activation parameters for their motion under
the applied stress.

The measured activation enthalpy for coupled boundary
motion in both low-angle regimes amounts to about
1.45 eV, which is very close to the activation enthalpy of
bulk self diffusion in Al (Hyq = 1.47 eV [43]). This suggests
that the elementary step of boundary motion is associated
with a bulk diffusion process, ¢.g. a displacement of dislo-
cations of other character and Burgers vectors than the
geometrically necessary dislocations responsible for the tilt
0. Such dislocations compensate deviations from the per-
fect tilt disorientation between adjacent crystals in real
bicrystals. In order to maintain the given boundary geom-
etry these dislocations must displace with the moving
boundary, which requires climb controlled by bulk diffu-
sion [18,44,45].

The current experimental results, however, do not com-
ply with this interpretation. First, if boundary motion is
controlled by dislocation climb, the rate of boundary
migration (or dislocation drag) should depend on the num-
ber of the dislocations which have to climb — the higher the
density of such dislocations the lower the boundary migra-
tion rate. Among the bicrystals investigated in the current
experiments there were two sets of samples with the same
angle of rotation around the [00 1] axis (tilt angle)
0 = 66.6° but different “second tilt” component ¢ that is
defined as ¢ =|Ax;|+|Ax,| (Fig. 1) and amounts to
Ee6.6(1) = 1.0° and g2y = 2.1° (Table 1). Correspond-
ingly, the density of the respective dislocations in the first
bicrystal set is lower by at least a factor of 2 than that in
the second set. Therefore, a boundary in the 66.6(1) bicrys-
tal is expected to move faster than a boundary in the
66.6(2) bicrystal. As seen in Fig. 10, however, the opposite
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Fig. 10. Comparison of the mobility of a 66.6° (1 00) tilt boundary in
bicrystals with different “second tilt” component &g 1) =1.0° and
E66.6(2) = 2.1° (Table 1).

is the case: the boundary mobility in bicrystals with the lar-
ger “second tilt” component was even higher than in the
samples with lower ‘“‘second tilt”. Similarly, the mobility
of a 5.6° (1 00) boundary was found to be slightly higher
than that of a 5.7° (1 0 0) boundary, although the “second
tilt” component of the latter was smaller by a factor 2: &s.¢/
£s7 =2 (Table 1). Second, if climb of dislocations which
compensate the “second tilt” and “twist” angular devia-
tions, i.e. atom diffusion across the boundary, controls
boundary motion, the migration rate and migration activa-
tion parameters should be independent of the misorienta-
tion angle 6. However, as evident from Fig. 8, this is
obviously not the case.

The activation enthalpies for stress-induced motion of
high-angle boundaries with tilt angles close to low £ CSL
orientations were measured to be considerably lower than
for low-angle and high-angle non-coincidence boundaries
(Table 2, Fig. 8). Previously, when rationalizing why the
migration activation enthalpy for high-angle boundaries
was found to be smaller than for low-angle boundaries
[23], it was suggested that the motion of high-angle bound-
aries is controlled by grain-boundary diffusion [44]. This
interpretation, however, seems not to be applicable for
the current results. The activation enthalpy for grain-
boundary diffusion is known to be maximal for low X tilt
boundaries and decreases with deviation from the coinci-
dence misorientation [35,46]. The current measurements,
however, revealed the opposite — for non-coincidence
boundaries H was higher than for low £ boundaries.

When comparing theoretical predictions and results of
computer simulations with those of experimental measure-
ments it is necessary to remember that materials considered
in models and used in simulations are absolutely pure [8—
13], whereas experiments are performed on bicrystals of a
real material, i.e. in a material with impurities which tend
to segregate to the grain boundary. As substantiated by
the agreement between experimentally obtained and calcu-
lated coupling factors (Fig. 7), impurity segregation, which

may also alter the boundary structure compared to the
structure of a model boundary, does not affect the geomet-
ric characteristics of the boundary migration mechanisms.
On the other hand, it cannot be excluded that segregated
impurity atoms and their motion together with the bound-
ary may to a great extent affect the rate of stress-driven
boundary migration. In fact, recent simulations by Elsener
et al. [14] demonstrated that the presence of impurity
atoms, particularly substitutional oxygen defects, can sig-
nificantly affect the stress required for grain-boundary
migration in Al.

4.4. Comparison with previous data on mechanically driven
(1 00) tilt boundary motion in Al

In the past the migration of symmetrical tilt grain
boundaries with various rotation axes ({1 12), (1 10) and
(100)) in Al bicrystals (99.99%) was studied by Fukutomi
and co-workers [16-18,47]. Similarly, as in the current
work, a constant stress creep device was used for tensile
loading of bicrystals with grain boundaries tilted by 45°
with respect to the applied stress. The applied tensile stres-
ses were approximately in the same range as used in the
current experiment. Unlike the current work though, the
bicrystals were annealed under stress at much higher tem-
peratures (between 400 and 550 °C) for very short time
intervals up to 150 s.

Akin to the current results, the migration of the low-angle
4.5°, 7° and 10° (1 00) tilt boundaries in experiments by
Fukutomi el al. was observed to be coupled to the shear
strain of the sample defined by the misorientation angle of
the boundary [47]. The migration activation enthalpy for a
4.5° boundary was obtained to be about 1.5 eV, in very good
agreement with the current measurements (Fig. 8a). For
(1 0 0) boundaries with § = 7°and 0 = 10°, however, the val-
ues of H were about 0.9 eV. This decrease of the apparent
migration activation enthalpy might be due to irregularities
during boundary motion in the high-temperature regime
with rising misorientation angle, such as alternate sliding
events during boundary migration. In fact, a high-angle
(1 0 0) boundary with 6 = 22° did not move at all, but dem-
onstrated sliding along the boundary plane [47]. This is most
probably due to the much higher temperature of annealing
under stress than used in the current work.

The motion of (10 0) tilt grain boundaries in Al bicrys-
tals was also reported by Winning [23-25]. The shear stress
was used to cause boundary motion although, unlike the
current experiments, the stress was a pure shear stress
applied perpendicular to the boundary. The shear coupling
was not investigated, however, and therefore a direct com-
parison of the results is not sensible.

5. Summary
The migration of planar grain boundaries in aluminum

bicrystals under an applied constant external stress was
investigated. Symmetrical low and high-angle (1 00) tilt
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grain boundaries with rotation angles in the entire range
between 0° and 90° were studied.

Shear stress-driven boundary migration was observed to
be coupled to a lateral translation of the grains. Under the
same applied external stress, boundaries with misorienta-
tions smaller than 31° and larger than 36° moved in oppo-
site directions by two different mechanisms of this
coupling. The measured ratios of normal boundary motion
to the lateral displacement of grains are in an excellent
agreement with theoretical predictions, i.e. they comply
ideally with the respective boundary geometries.

Boundary migration was measured in the temperature
range between 280 and 400 °C. From the temperature
dependence of grain-boundary mobility the corresponding
activation parameters (activation enthalpy H and mobility
pre-exponential factor myg) were determined. It was found
that for mechanically induced grain-boundary motion
there is a misorientation dependence of migration activa-
tion parameters. The lower H and my values could be asso-
ciated with the boundaries with misorientations close to
low £ CSL orientation relationships.

An analysis of the obtained activation parameters
revealed that they comply with the compensation rule,
i.e. there is a linear relationship between the activation
enthalpy and the logarithm of the pre-exponential factor.
As a consequence of the compensation effect, in the high-
temperature regime the boundaries with higher activation
enthalpy (low-angle and non-coincidence high-angle
(10 0) tilt boundaries) moved faster, whereas at lower tem-
peratures the boundaries with low activation enthalpy were
more mobile.
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