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Abstract The misorientation behavior was investigated

in the region of a symmetrical tilt \112[ boundary with

a misorientation of 15.7�. The strain and orientation dis-

tributions were obtained by DIC (digital-image-correlation)

and EBSD (electron backscattering diffraction) techniques

to characterize the kinematical behavior of the grain

boundary. In order to obtain a misorientation gradient, the

misorientation was used in representation of the axis–angle

description. This formation of the orientation gradient is

found to have a common rotation axis in the [11–2]

direction.

Introduction

The structure of grain boundary plays an important role in

influencing deformation mechanisms of bicrystals and

polycrystals and this has been of intense interest for many

decades [1]. From the previous studies, it is concluded that

the heterogeneity at the meso-scale reveals a nature of

inter-granular [2–4] and intra-granular incompatibility [5,

6] due to the presence of grain boundaries. At the micro-

scopic scale grain boundaries can be regarded as a source

of dislocations and as an obstacle for the movement of

dislocations [1]. These interactions will determine the

patterns of lattice curvature observed in the vicinity of

grain boundaries and the curvature change may be assumed

as the geometrically necessary dislocation (GND) distri-

bution [7].

Although there are a number of experimental investi-

gations on the influence of the grain boundary structure, the

grain boundary structure on the mechanical response of a

GB is not fully understood at the mesoscale. However, real

material behavior has not yet been fully realized. In order

to compare with the experimental results, Taylor model

provides a simple approach to predict approximately the

deformation textures but it fails to meet the predicted

intensities of the preferred orientation [8–10]. Taylor [11]

assumed that the plastic strain of each grain within a

polycrystal is the same and equal to the macroscopic plastic

strain of the specimen. In addition, the interaction between

the grains is not considered in all Taylor-type models.

From this viewpoint Taylor’s model is considered as an

ideal condition without taking the influence of grain

boundary into account. The purpose of this paper is to

investigate the local misorientation behavior at the grain

boundary during simple shearing by integrating EBSD

(electron backscattering diffraction) and DIC (digital-im-

age-correlation) techniques. In contrast to nanocrystalline

metals, an aluminum bicrystal with symmetrical \112[
tilt boundaries at 15.7� was used and the investigated area

was close to the grain boundary.
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Experimental

A 99.999% pure aluminum bicrystal with symmetrical

\112[ tilt boundaries at 15.7� was prepared by using a

modified Bridgman technique with seed crystals of pre-se-

lected orientations from IMM of RWTH Aachen. The initial

orientations of the two single crystals in the bicrystal were

(74.6�, 36.1�, 52.5�) for C1 and (91.4�, 34.1�, 50.8�) for C2,

where the Euler angles are given after Bunge’s definition.

The initial orientations were measured using electron

backscatter diffraction as shown in Fig. 1b. This misori-

entation can be described in term of axis/angle as [112]/

15.7�, where the [112] axis is parallel to the ND direction.

The sample dimensions for the simple shear test were pre-

pared in 17 · 3 · 2 mm3, as shown in Fig. 1a. The refer-

ence coordinates for the shearing are referred to as rolling

direction (RD) for the shear direction, transverse direction

(TD) for the direction perpendicular to the shear direction,

and normal direction (ND) for the direction normal to the

sample surface. The grain boundary was chosen to be par-

allel to the shear direction, as shown in Fig. 1a.

The in-plane shear distribution was determined on the

sample normal surface with an area of 3.1 · 2.2 mm2 using

DIC technique. The DIC technique based on the recogni-

tion of geometrical change in the gray scale distribution is

used to analyze the strain mapping. The simple shear was

conducted in SEM at a constant shear rate of 10–6 m s–1.

The strain distribution was analyzed after each step dis-

placement of 0.1 mm up to a displacement of 1.3 mm.

Before and after plastic deformation, the local lattice

orientations were performed by using EBSD on an area of

177 · 194 lm2 across the grain boundary. In order to

achieve a high lateral resolution, a scan step size of 600 nm

was applied to measure the orientation image map (OIM).

Results and discussion

Kinematical behavior of bicrystal

The evolution of the accumulated in-plane shear strain, exy,

shows in Fig. 2 for the aluminum bicrystal after a shear

strain of 0.56. The accumulated shear strain means the

shear strain determined from its initial state. It is observed

that the two crystals in the bicrystal deform in different

magnitude, i.e., asymmetrically. In order to understand the

average behavior in each crystal, the average shear strain is

calculated by averaging the shear strain of all points for

each single crystal, which are determined from DIC. The

average shear strain distribution of exy of the two crystals

also reveals this asymmetric deformation in Fig. 3a. The

results are in good agreement with those results predicted

by the fully constrained Taylor model in Fig. 3b.

During shearing the rotation evolution of the two crys-

tals calculated by the FC Taylor model shows a tendency

for the rotation axis to be close to the normal direction and

in the counter-clock direction as shown in Fig. 4. The

phenomenon of the reorientation can be explained as fol-

lows. During simple shear deformation, counter shear

stress in the lateral direction, i.e., in the transverse direction

is needed to obtain the momentum equilibrium. Shear

stresses in simple shear deformation exist in the shear

direction and in the transverse direction. Therefore, the

highest resolved shear stress results on the plane parallel to

the shear direction or to the transverse direction [12, 13].

The initial orientations of two single crystals are sym-

metrical about the \112[ axis with the misorientation

of 15.7�. This reorientation during shearing gives rise to the

formation of asymmetrical orientations of the two crystals.

In case of the (11–1) plane the crystal C1 rotates further

away from the shear direction than the crystal C2, while in

case of the (1–11) plane the crystal C1 rotates closer to the

transverse direction as shown in Fig. 4. Therefore, the main

activated slip system can be changed from the initial slip

system (11–1)[1–10] to the slip system (1–11)[–101] for

the C2 crystal. In addition to the changing of slip systems,

the reorientation can also lead to the formation of different

shear strain, because the orientations of bicrystal are not

symmetrical. Figure 3a shows that the magnitude of shear

Fig. 1 (a) Schematic presentation of the experimental setup and the

bicrystal. (b) f111g initial pole figure of the bicrystal with a

symmetrical tilt grain boundary of 15.7� misorientation, where D and

O symbol label crystal C1 and crystal C2, respectively

Fig. 2 The shear strain exy distribution during simple shear up to a

shear strain of 0.56
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for C2 crystal is larger than that for C1 crystal after 0.2

shear strain. The slip system (1–11)[–101] parallel to the

shear direction contributes to the shear strain much more

than the slip system (11–1)[1–10] perpendicular to the

shear direction. It is observed in Fig. 5 that for C1 and C2

crystals the Schmid’s factor varies its value during simple

shearing due to the reorientation. For C1 crystal the max-

imal value of Schmid’s factor is from (1–1–1)[110] to (1–

1–1)[01–1] and for C2 crystal it is still (1–11)[110]. This

supports that the change of slip systems and the forming

the asymmetrical orientation can be explained the forma-

tion of the asymmetric deformation pattern of the bicrystal

at the macroscopic observation.

Misorientation behavior at the grain boundary

The observed feature of microstructures by automatic

crystal orientation mapping in Fig. 6a is the formation of

parallel block patterns in the upper crystal C1, which lie at

an angle of 53� to the shear direction. Two kinds of block

patterns indicated as B1 and B2 in the lower crystal C2 lie

at the angle of 53� and 21� to the shear direction, respec-

tively. The block patterns of A1, B1 and B2 are not exact

parallel to the slip planes (1–11) and (11–1). After the

LEDS concept (low energy dislocation structures) [14], the

different combinations of polyslip contribute to the split-

ting of orientation in different blocks. Each block does not

correspond to a single crystallographic slip plane because it

comprises more than one slip system, i.e. 3–4 slip systems.

Thus, the blocks deviate from the crystallographic slip

planes.

In addition to the orientation map, the f111g pole figure

measured by EBSD in Fig. 4 is in good agreement with that

predicted by the fully constrained Taylor model in Fig. 3b.

It shows a tendency for the rotation axis to be close to the

normal direction and in the counter-clock direction at the

grain boundary. It is impossible to extract the behavior of

grain boundary from the results of the rotation direction in

Fig. 3 (a) The average shear

strain exy of both single crystals

C1 and C2 in the bicrystal up to

a shear strain of 0.56 with the

help of DIC technique, (b) the

accumulated plastic shear strain

obtained by using the FC Taylor

model with each step at an

increment of 0.025 up to a shear

strain of 0.48

Fig. 4 {111} Pole figure showing the lattice rotation obtained by

using FC Taylor theory. (The D symbol andO symbol label the initial

orientations of crystal C1 and C2 before shearing, respectively. The

solid D symbol and O symbol label the final orientations of crystal C1

and C2 after shearing, respectively. Dotted lines represent the

orientation evolution)

Fig. 5 Schmid’s factor of (a)

C1 and (b) C2 crystal in the

bicrystal by using the FC Taylor

model with each step at an

increment of 0.025 up to a shear

strain of 0.50
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the pole figures. Therefore, the average misorientation [15]

is also used to quantify the misorientation behavior near

grain boundary. The misorientation of each measurement

point was calculated in comparison to a fixed reference

orientation, which refers to the average orientation of the

whole area in each crystal of the bicrystal. Subsequently,

the average misorientation of all points along straight lines

parallel to the grain boundary was determined by calcu-

lating the arithmetic mean of the misorientation angle of

these points. It is clear that a strong orientation change

occurred cross the grain boundary after shearing as shown

in Fig. 7.

Then, it comes a question if there exits a rotation axis

being parallel to any direction of dislocation line on the

f111) \110[ slip system. In order to find the rotation

axis, the misorientation is described as axis/angle and a

reference orientation is necessary. The orientation of each

point, at a distance of 80 lm measured from the grain

boundary, was chosen as the reference orientation for the

C1 crystal. The orientation of each reference point was

used to determine the misorientation, in terms of the axis–

angle representation, with respect to the orientation of its

nearest neighbor, which is parallel to and at a distance

varying from 0 to 98 lm from the grain boundary in the

crystal C1. From the results of the axis–angle description it

is found that most of the rotation axis is parallel to [11–2].

Therefore, the number of the misorientation axis being

parallel to [11–2] is divided by the total number of points at

a constant distance from the grain boundary and this is

defined as the fraction percentage of the misorientation

axis. Figure 8 shows the fraction of the misorientation axis

of the [11–2] direction calculated for each line with respect

to the distance varying from 0 to 98 lm from the grain

boundary. This misorientation axis of [11–2] is different

from the initial misorientation axis of [112] between the

two single crystals. It is clear that the rotation axis is

parallel to the [11–2] direction, i.e., the direction of the

dislocation line on the (111)[–110] slip system. In addition,

the maximum peak of the fraction of the rotation axis exists

at a distance of 5 lm from the grain boundary. This

observation suggests that the pile-up of dislocations on the

(111)[–110] slip system occurs at the grain boundary. In

the case of the C2 crystal, however, the same process was

performed for the reference orientation of the points at a

distance of 40 lm. It is impossible to observe any mis-

orientation axis at the side of the C2 crystal.

At the initial stage of plastic deformation, mobile dis-

locations are formed on the slip system with the largest

Fig. 6 (a) The misorientation mapping and (b) the corresponding

(111) pole figure close to the grain boundary, where the red and blue

colors label the orientations of the upper crystal C1 and of the lower

crystal C2, respectively

Fig. 7 Misorientation with respect to the average crystal orientation

integrated over narrow stripe-shaped areas parallel to the grain

boundary as a function of the distance of the integration area to the

grain boundary

Fig. 8 Fraction of the misorientation axis parallel to the [11–2]

direction in crystal C1
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local resolved shear stress in the grain [1, 16, 17]. Mobile

dislocations, encountering a grain boundary, will pile up

before the grain boundary which results in a local stress

state and also in an orientation gradient. The larger the

misorientation of grain boundary is, the more difficult

dislocations cannot penetrate through grain boundaries.

Our previous study [18] on an aluminum bicrystal with a

symmetric tilt boundary of 8.7� also indicates the occur-

rence of dislocations pile-ups at the grain boundary. The

rotation axis in the direction of [1–2–1] for the misorien-

tation of 8.7� is different from that of [11–2] for 15.7�. It is

to the contract that dislocations can easily penetrate

through a low angle grain boundary. The observations in

the proceeding study is due to the reorientation during

shearing which results in activating different slip systems

in both grains. In this case these two slip systems are

perpendicular and thus dislocation pile-ups are built at

grain boundaries.

As described in the above, the increasing in the mis-

orientation leads to pile-up for dislocations. Clark et al.

[19] showed experimentally that at very low plastic strains

dislocation pile-ups can be observed in the vicinity of grain

boundaries by transmission electron microscopy. It was

observed in the previous study [15] that dislocation pile-

ups occur at medium and large angle symmetric tilt

boundaries during plane-strain up to 30% reduction in

thickness for aluminum bicrystals. Dislocations can pene-

trate through low angle boundaries with a misorientation

>15�, while it is in contrast for high angle boundaries with

a misorientation >15� [16, 17].

Conclusions

In this study a pure aluminum bicrystal with symmetrical

\112[ tilt boundaries at 15.7� was sheared up to a shear

strain of 0.56. It is observed at the mesoscale an asym-

metric deformation pattern from the microstrain mapping

and the formation of an asymmetric deformation pattern

could result from the reorientation of the two crystals in the

bicrystal during shearing. There exists a misorientation

gradient at the microscale in the vicinity of the grain

boundary and the length of its influenced zone is about

20 lm. The formation of the misorientation gradient is

found to have a common rotation axis in the [11–2]

direction at the side of the crystal C1. This observation

suggests that dislocations pile up on the (111)[–110] slip

system.
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