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A B S T R A C T

This paper focuses on the experimental determination of the distribution of material, lattice and plastic rotation
during deformation of crystalline aggregate. The proposed methodology uses standard electron backscattering
diffraction technique combined with 3D digital image correlation data. The presented approach is used for
analysis of rotations during deformation of aluminium multicrystal.

1. Introduction

The deformation of crystalline materials is accompanied by the ro-
tation of a crystallographic lattice, which leads to texture development.
The evolution of texture is one of the key factors that governs the
subsequent stages of the deformation process. In terms of continuum
mechanics, the process can be described using the non-symmetric
deformation gradient tensor F. Using multiplicative decomposition of
the deformation gradient into its elastic 𝐅𝐞 and plastic 𝐅𝐩 part we obtain
𝐅 = 𝐅𝐞𝐅𝐩 [1]. Then, from the polar decomposition, the elastic and
plastic part of deformation gradient can be written as 𝐅𝐞 = 𝐑𝐞𝐔𝐞 and
𝐅𝐩 = 𝐑𝐩𝐔𝐩, where 𝐑 and 𝐔 are rotation and right stretch tensor, respec-
tively. If 𝐅𝐩 is the part of 𝐅 caused by the slip phenomenon, then 𝐅𝐞 is
associated with stretching 𝐔𝐞 and the rotation 𝐑𝐞 of the crystal lattice.
However, after unloading, the lattice can be permanently reoriented
and placed in the state of residual deformation [2]. For large plastic
deformations (𝐔𝐞≪𝐔𝐩), the 𝐔𝐞 can be neglected and 𝐅 = 𝐑𝐞𝐑𝐩𝐔𝐩. Thus,
the total rotation of the continuum 𝐑 can be presented as a composition
of the elastic rotation 𝐑𝐞(corresponding to the lattice rotation) and the
plastic rotation 𝐑𝐩, defined in the intermediate configuration [3] (not
related to the change of the crystallographic orientation) as follows:

𝐑 = 𝐑𝐞𝐑𝐩. (1)

There are many studies in the literature on the analysis of the lattice
rotation 𝐑𝐞 during deformation of crystalline materials. Bunge and
Fuchs [4] analysed the rotations of both the surface and bulk grains
within the aluminium wire after 1% plastic deformation by an X-ray
oscillatory method. They showed that grains near the [111] orientation
were rotated towards this orientation according to Taylor’s theory
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while, crystals of minor [100] texture component showed no rotation
towards [100] orientation. In [5] the lattice rotation of individual bulk
grains was determined during 6% tensile elongation of an aluminium
polycrystal. The analysis showed that the grain orientation is the main
factor controlling the rotations and that grain interactions have only a
secondary effect. Moreover, four regions of the stereographic triangle
have been identified with a different rotation behaviour. In [6], the
lattice rotation in the vicinity of the crack tip was estimated using X-
ray diffraction (XRD). The estimated average angle of rotation close to
the crack tip was approximately 11 degrees, what strongly influenced
the fatigue parameters during crack growth. Chen et al. [7] performed
an in-situ study of slip systems activity and lattice rotations of surface
grains during the tensile deformation of polycrystalline aluminium
alloy, using electron backscattering diffraction (EBSD). They found that
grains rotate gradually during the process and both the rotation path
and rotation rate are highly inhomogeneous from grain to grain and
also within particular grains. In [8] Britton and Wilkinson studied the
elastic strain and lattice rotation in polycrystalline copper deformed to
10% using high resolution EBSD. They found that lattice strains and
rotations are very inhomogeneous within the studied region and the
maximum misorientation is about 10 degrees. In [9] the deformation-
induced crystallographic orientation patterns around nanoindents in
single crystalline copper were studied, and high resolution 3D EBSD
maps showed that while the crystal rotates in a certain direction in
the zone near the indenter axis, the neighbouring zone shows the
opposite rotation. The change of the crystal rotation directions was
explained by the different active slip systems due to a gradual change
in the loading axis during indentation. Zheng and Zhang [10] proposed
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an experimental method to determine the deformation induced lattice
rotation using EBSD. In the proposed approach, the EBSD data of
the initial sample was incorporated into the data set of the deformed
sample and the method was tested during quasi-static compression of
polycrystalline nickel. Smaller rotation angles were reported in the
grain interior with respect to the vicinity of grain boundaries. Buchheit
et al. [11] studied deformation-induced lattice orientation change in
tantalum during in-situ tension testing using EBSD. The correlation
technique was used to obtain a map of the relative lattice orientation
change. The relative orientation change for 15% strain value exceeded
20 degrees and the greatest changes mostly appeared near grain bound-
aries, suggesting that the subgrain development takes place in these
regions. In [12], the axially constrained copper micropillar oriented for
single slip was compressed in SEM using a nanoindenter with a flat
punch. The displacement and orientation maps were determined using
2D digital image correlation (DIC) algorithm and EBSD, respectively.
The authors show that, under some assumptions, the 2D deformation
gradient determined using DIC can be decomposed into the component
associated with crystallographic slip and that associated with lattice
rotation. Rotations obtained in this way and measured using EBSD
showed good agreement. Nevertheless, due to the fact that most of the
experiments are performed in the SEM chamber, only 2D deformation
gradient can be determined using the DIC method: it does not allow the
determination of the distribution of the material rotation in 3D and its
direct comparison to the EBSD data.

Therefore, the main aim of this communication is to present a
method of experimental determination of the distributions of the 3D
material 𝐑, lattice 𝐑𝐞 and plastic 𝐑𝐩 rotation during the deformation
of an aluminium multicrystal. The 𝐑 distribution was obtained based
on 3D displacement field using the shell theory. The distribution of 𝐑𝐞

was obtained by combining standard EBSD technique and 3D DIC data.
As a result, the distribution of 𝐑𝐩 was determined using 𝐑 and 𝐑𝐞 and
the multiplicative decomposition of the deformation gradient.

2. Experimental procedure and results

The experiments were performed on an aluminium multicrystal.
First, a part of a 1.5 mm thick annealed aluminium plate was electro-
polished and a sample was cut out using electro-erosion machine, as
presented in Fig. 1a. The final size of the gauge part of the sample
was 4 mm × 6 mm × 1 mm. The obtained stress-free flat surface
allowed the determination of a good quality orientation map of a non-
deformed sample (in reference configuration) using EBSD. The map
was obtained using Hitachi S-3500N SEM with the step of 10 μm. The
obtained disorientation map for the non-deformed sample is presented
in Fig. 1b. The disorientation is defined as misorientation with respect
to the sample coordinate system (Euler angles (𝜑1, 𝜙, 𝜑2) = (0, 0, 0)),
taking into account all crystal symmetries.

Using an MTS 858 testing machine, the sample with known orien-
tation distribution covered by soot and small dots of white paint (see
Fig. 1c) was subjected to the displacement controlled uniaxial tension,
with a displacement rate of 1 mm/min and up to a displacement
range of 2 mm (which corresponds to the mean strain value equal
to approximately 0.29) and then unloaded. During deformation, the
image sequences were recorded using two cameras operating in a
visible range. The frame rate of image acquisition was equal to 20
Hz. The whole deformation process took approximately 120 s, which
gives 2400 frames recorded. Finally, the determination of displacement
field using 3D DIC was performed in every 10th frame, which gives
240 displacement maps during deformation process. The distance from
the each of the cameras to the symmetry axis of the sample was
approximately equal to 266 mm, whereas the distance between the
cameras was equal to 104 mm (the angle between the cameras was 22.5
degrees). The image size was 964 × 1292 pixels, which corresponds to
the pixel size of 12 μm × 12 μm. The total number of points within
the gauge part of the sample, in which the DIC procedure was applied,

Fig. 1. (a) Optical image of undeformed sample and (b) the corresponding disorien-
tation map (grain boundaries are marked). (c) Image of the coated sample surface in
the reference and (d) the deformed configuration (displayed in camera 1 view). (e)
Optical image of the deformed sample and (f) the corresponding disorientation map
(grain boundaries are marked).

was equal to 179175. The optical image of the deformed sample
obtained by one of the DIC system cameras and the corresponding
image from an optical microscope (after removing the soot and paint
coating) are shown in Figs. 1d and 1e, respectively. Due to the non-
homogeneous out of plane deformation, the surface of the sample is not
flat. Such a sample was placed in the SEM chamber and EBSD analysis
was performed. As expected, the EBSD map obtained for deformed
sample is distorted, i.e. there is improper mapping of the position
of the points on the sample surface [13]. In order to remove the
unwanted geometrical effects, the following procedure was applied.
First, ‘control points’ were determined that were found in both the
distorted orientation map (the microscope table tilted at an angle
of 70 degrees) and the non-distorted image obtained for the same
region: e.g. triple points, small scratches, etc. Using the coordinates of
these control points, the piece-wise spline interpolation procedure was
applied. The corrected EBSD map was imposed on both SEM and visible
range images obtained using the beam perpendicular to the surface of
the microscope table and distributions of non-point elements i.e. grain
boundaries, deformation bands, etc. were analysed. When the match in
some areas was not satisfactory in comparison to the resolution of the
EBSD map (10 μm), the additional control points were added in these
areas and the interpolation procedure was applied again. Fig. 1f shows
the final version of corrected disorientation map imposed on the non-
distorted optical image. The distribution of the lattice rotation can be
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Fig. 2. The evolution of the absolute value of the material rotation angle during tension of the aluminium multicrystal. Results displayed in camera 1 view. Grain boundaries are
marked in the initial and final stage.

determined using the correct orientation maps of the non-deformed and
deformed samples, taking into account the known positions of material
points in both the reference and deformed configurations obtained
using DIC analysis. To identify the positions of material points, the
space coupling procedure was applied based on three markers in the
form of indents (red squares in Fig. 1). The procedure consisted in
finding the transformation matrix based on the coordinates of three
points indicated on the orientation map and the same material points
indicated on the picture from the one of the cameras. The procedure for
2D case was discussed in detail in [14]. Space coupling was performed
for both the reference and deformed (after deformation and unloading)
configurations. Finally, the lattice rotation matrix 𝐑𝐞 was determined
for each point according to the following formula:

𝐑𝐞 = 𝑚𝑖𝑛
|𝛼𝐢|

[𝐒𝑖𝐎𝐫 (𝐎𝐝)𝑇 ], (2)

where 𝐎𝐫 is the orientation matrix in the reference configuration, the
(𝐎𝐝)𝑇 is the transposed orientation matrix in deformed configuration
and 𝐒𝑖 is the 𝑖 − 𝑡ℎ symmetry operator for the crystal lattice. For the
aluminium multicrystal, the symmetry operators for the 𝐹𝑚3̄𝑚 space
group were used. In this case, 𝛼𝑖 is the angle value for the axis-angle
representation of the 𝐒𝑖𝐎𝐫 (𝐎𝐝)𝑇 orthogonal matrix.

The material rotation matrix 𝐑 was determined from the obtained
3D displacement field basing on the shell theory. In the first step, the
transformation matrix 𝐑𝐭 was found between the normals to the surface
(obtained using least square method) at the reference and deformed
configurations for each point of specimen’s surface. Next, the in-plane
deformation gradient 𝐅′ in the local coordinate system (where the z′

axis corresponds to the surface normal in the deformed configuration)
was determined. Then, the rotation matrix 𝐑′ was obtained from the
polar decomposition of 𝐅′. Finally, the 3D total material rotation matrix
𝐑 was determined as:

𝐑 = 𝐑′𝐑𝐭 . (3)

The correctness of implementation of the above procedure in the Ther-
moCorr software was checked for known deformation functions using
Abaqus 2018 FE code: the results obtained using the software were
consistent with those obtained using the FE analysis performed for shell
elements S4R.

The evolution of the absolute value of the material rotation angle
distribution is presented in Fig. 2. The results are imposed onto the
picture of the deformed sample obtained by one of the DIC system
cameras. The distributions are non-uniform from the very beginning of
the deformation process and the material starts to rotate in the biggest
grain, with disorientation angle close to 45 degrees (see Fig. 1b). The
maximal obtained rotation angle for the considered deformation range
is approximately 14.5 degrees.

Since after the coupling procedure 𝐑𝐞 and 𝐑 are defined in the
same coordinate system, the distribution of plastic rotation 𝐑𝐩 can be

Fig. 3. Schematic of the plastic rotation.

determined from Eq. (1) as follows:

𝐑𝐩 = (𝐑𝐞)𝑇𝐑, (4)

where (𝐑𝐞)𝑇 is the transposed lattice rotation matrix.
The plastic rotation 𝐑𝐩 during tension of the monocrystal deformed

by single slip is schematically presented in Fig. 3. The 𝐑𝐩 is defined
in the intermediate configuration where no constrains from the grips
are assumed (Fig. 3b)). In this case, the total rotation of the material is
equal to the plastic rotation because no lattice rotation is observed (the
slip planes are not rotated with respect to their initial orientations).
Nevertheless, when the constrains are present, the resultant configu-
ration is schematically presented in Fig. 3c. In this case, 𝐑𝐩 = (𝐑𝐞)𝑇

means that plastic rotation angle is equal to the lattice rotation angle,
but they operate in the opposite directions. Therefore, the total material
rotation angle obtained from the polar decomposition of the deforma-
tion gradient is equal to zero. In other words, the plastic rotation is the
rotation of the continuum with respect to the rotation of its microstruc-
ture [15]. It should be noted that Fig. 3 is only the illustration of the
idea of plastic rotation where not all phenomena occurring during a
real experiment are present, e.g. formation of geometrically necessary
dislocations (GNDs) created to accommodate the strain gradients. In
general the following basic possibilities can be distinguished:
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Fig. 4. The distributions of the absolute value of the angle of (a) material rotation 𝐑, (b) lattice rotation 𝐑𝐞 and (c) plastic rotation 𝐑𝐩 for deformed specimen after unloading.
Results displayed in camera 1 view. Grain boundaries are marked.

(i) No material rotation 𝐑 = 𝐈 (where 𝐈 is identity matrix) and no
lattice rotation 𝐑𝐞 = 𝐈 - no rotation (and plastic deformation) at
this region (𝐑𝐩 = 𝐈),

(ii) 𝐑 = 𝐑𝐞 - rigid rotation of the area (𝐑𝐩 = 𝐈),
(iii) No material rotation 𝐑 = 𝐈 but observed lattice rotation 𝐑𝐞 ≠ 𝐈 -

situation schematically presented in Fig. 3c (𝐑𝐩 = (𝐑𝐞)𝑇 ),
(iv) Material rotation is observed 𝐑 ≠ 𝐈 and 𝐑𝐞 = 𝐈 - situation

schematically presented in Fig. 3b (𝐑𝐩 = 𝐑).

Fig. 4 shows the distributions of the rotation angles of material
rotation 𝐑, lattice rotation 𝐑𝐞 and plastic rotation 𝐑𝐩 for deformed
specimen in the unloaded state. As could be expected, the obtained
distributions of both material and lattice rotation are non-uniform,
not only from grain to grain but also within particular grains. As it
is seen, the maximal values of material rotation angle (approximately
14.5 degrees) are almost two times smaller than maximal angles of
corresponding lattice rotation (approximately 27 degrees). Moreover,
the areas were identified where the material rotation 𝐑 angle is close to
zero and the lattice rotation 𝐑𝐞 angle is approximately 15 degrees. This
is clearly visible in the upper part of the largest grain. As mentioned
above, in this case the plastic rotation 𝐑𝐩 angle is equal to the lattice
rotation 𝐑𝐞 angle, but they operate in opposite directions. It seems to
be possible only when block of material deformed by one dominant
slip system is ‘rigidly’ rotated due to internal constrains. As it is seen,
the lattice rotation within this region is relatively uniform (there are
no misorientation gradients) what indicates the low increase in GNDs’
density in this area. On the other hand, in the small areas where 𝐑𝐞 = 𝐈
and 𝐑 ≠ 𝐈 the deformation proceeds by one dominant slip system with
almost no constrains (see Fig. 3b).

3. Summary

The procedure was proposed for the experimental determination of
the distribution of the material 𝐑, lattice 𝐑𝐞 and plastic 𝐑𝐩 rotations.
Using the proposed procedure the 3D 𝐑, 𝐑𝐞 and 𝐑𝐩 can be successfully
determined using EBSD data and a 3D DIC algorithm. It was shown
that during deformation of aluminium multicrystal the distribution of
the angle of material rotation 𝐑 is non-homogeneous from the very
beginning of the deformation process. This shows that both the initial
orientation and the grain interactions (long-range internal stresses)
affect the deformation process and, consequently, the distribution of the
material rotation. As could be expected, the deformation starts within
the grain initially most preferably oriented with respect to the loading
direction (see. Fig. 1(b)). It has been shown that the distributions of

the angles of the material 𝐑, lattice 𝐑𝐞 and plastic 𝐑𝐩 rotation are
non-homogeneous between particular grains but also within the grains.

It was shown that the maximal values of material rotation angle
(approximately 14.5 degrees) are almost two times smaller than that
corresponding to lattice rotation (approximately 27 degrees). More-
over, the areas were identified where the material rotation angle is
close to zero and the lattice rotation angle is approximately 15 degrees.
In this case the plastic rotation angle is equal to the lattice rotation
angle, but they operate in opposite directions and it seems to be
possible only when some volume of material deformed by one dominant
slip system is ‘rigidly’ rotated due to internal constrains. A relatively
uniform distribution of lattice rotation observed in this region indicates
low increase in GNDs’ density in this area. On the other hand, the
small areas where 𝐑𝐞 = 𝐈 and 𝐑 ≠ 𝐈 corresponds to the regions where
deformation proceeds by one dominant slip system with almost no
constrains.

The approach presented here provides complete 3D information of
the material, lattice and plastic rotation fields, represented by a rotation
matrix at each point; not only the angle absolute value of its axis-angle
representation, which was used in the paper as the simplest way to
present the results. The approach allows a direct comparison of the
results obtained with those of numerical simulations, for example using
crystal plasticity models.

The proposed methodology will be used for analysing the defor-
mation process of polycrystalline aggregates involving the strain path
change, where the redistribution of long-range internal stresses can
play a key role [16].
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