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Abstract

Deformation bands (DBs) formed in metals even in single crystals are known to give rise to
the microstructural heterogeneities, thus contributing to some long-standing microstructure
formation problems, such as the occurrence of recrystallization on the basis of deformed
microstructure. Previous experimental transmission electron microscope (TEM) work has
identified two types of DBs in the microscopic scale, i.e. kink bands and bands of secondary
slips, showing the importance of understanding the slip activation for DBs. To extend the
theory in mesoscale, single crystal and multi-crystal pure aluminium, as well as their
corresponding crystal plasticity finite element (CPFE) models, are used in this paper to explore
the effect of grain orientation, strain level and neighbouring grains on the formation of DBs. It
is demonstrated that slip band intersection of primary and secondary slips is predicted to
constrain the lattice sliding but facilitate the lattice rotation for the formation of DBs regarding
the wall of DBs and its orientation. It is found that the impact of the above factors on the
formation of DBs is caused by the slip field of primary slips. A sufficient amount of primary
slips activated inside grains would be the key to the formation of distinct DBs with high area
fraction and aspect ratio.
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1 Introduction

The term deformation band (DB) defined by Barrett et al. [1] in 1939 describes a volume of
approximately constant orientation that is significantly different from the orientation elsewhere
in that grain. DBs are found in various alloys no matter in single crystal or polycrystalline
structure, such as steel [2], zinc [3], aluminium [4], copper [5], nickel [6], magnesium [7],
titanium [8] and etc. The formation of DBs is able to effectively accommodate the plastic strain
and give rise to the heterogeneities in microstructure by forming noticeable orientation
gradients and eventual fragmentation of grains [9]. Therefore, understanding the formation of
DBs by examining its crystallographic features might be the key to understanding the grain
nucleation in the recrystallization process regarding nucleation criteria and nucleated grain
orientations on the basis of heterogeneous deformed microstructure.

The formation process of two kinds of DBs, i.e. kink bands and bands of secondary slip, was
identified by etch pit tests and Laue back-reflection method with an X-ray beam in face centred
cubic crystals (FCC) in tension in the 1990s by Higashida et al. [5]. These dislocation structures
of two kinds of DBs observed by etch pit technique have an excellent agreement with the
observations by transmission electron microscope (TEM) [10,11] and X-ray topography. The
kink band is found to be a wall perpendicular to the primary slip direction and the band of
secondary slips is a zone approximately parallel to the primary slip plane in which secondary
slips are operating more actively than the primary slip [5]. Kink bands and bands of secondary
slip are transmuted from the local bend-gliding regions and the coplanar slip zones of primary
slips respectively. However, the orientations formed in DBs in mesoscale and factors affecting
the shape and the amount of DBs are not clearly understood.

In some previous papers, the effect of grain orientation on the formation of DBs is studied for
rolling as it is relevant to the generation of deformation textures [9,12]. For instance, the
{110}<001> Goss orientation in FCC crystals is stable under rolling in single crystal and
polycrystals with large grains, i.e. the Goss oriented grains can undergo extensive deformation
without the development of large-scale heterogeneities [9]. By contrast, the Cube oriented FCC
crystals are very heterogeneous under rolling for the formation of DBs [12]. The orientation in
DBs is found by rotations about the transverse direction. However, the rotation direction and
its reasons are not clearly addressed. Therefore, apart from the orientation formed in DBs, how
the strain level and neighbouring grains affect the formation of DBs have not been
systematically discussed. This long-standing problem retards the understanding of the
subsequent microstructural evolution, such as recrystallization [13-15].

The development of recrystallized microstructure is affected by the formation and growth of
nuclei in the deformed structure, while the grain nucleation is dominated by the rate of
dislocation accumulation and heterogeneities of deformed structure [9,16]. In order to
understand and predict the microstructural evolution during recrystallization and grain growth
[17,18], it is essential to examine the development of the heterogeneities in the deformed state
[9,13].

It is extremely important to thoroughly understand the formation of DBs for the study of
recrystallization since it provides both the heterogeneous strain distribution and high
orientation gradients regarding the crystallographic features. The amount of stored energy and
orientation gradients after deformation would be important conditions for the formation of
nucleation sites [21,22], affecting the recrystallization rate, recrystallized grain size and
recrystallized orientation. For instance, single crystals that are deformed in single glide and
recovered during annealing may not recrystallize. Because the dislocation structure which does
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not contain the heterogeneities and orientation gradients cannot provide nucleation sites during
annealing [9].

Furthermore, the formation of DBs is a crucial source of new orientations acquired for the
deformed structure. In order to accurately predict the recrystallised texture [23] developed after
grain nucleation and grain growth based on the deformed texture, understanding the deformed
texture, i.e. orientation formed in DBs, could shed some lights on the orientations in the nucleus
during recrystallization. For instance, in {100}<001> orientated silicon-iron single crystals, the
recrystallized orientation kept the same with the orientation in the deformed structure which
was {001}<210> [24].

In this paper, single crystals pure aluminium with four different orientations and multi-crystals
with different grain morphology were compressed to 0.3 and 0.2 engineering strain. Crystal
plasticity finite element (CPFE) models are developed to assess the experimental observations
of DBs. Strain distributions were evaluated using the digital image correlation (DIC) technique
[25-27] and applied to validate the CPFE model. Deformation activities were evaluated using
optical microscopy and electron back-scattered diffraction (EBSD) for the slip lines and DBs,
as well as the CPFE modelling for the effective plastic strain and primary slip field calculation.
These results provide explanations for the observation in as a unified manner.

2 Experiment and CPFE model

2.1 Materials preparation

This work used two types of pure aluminium obtained by the Czochralski process [28] from
Shanghai Jiaotong University (China) to study the formation of DBs: one is cubic single
crystals with >99.999% purity (hereafter referred as 5N); the other one is cuboid columnar
multi-crystals with >99.9% purity (hereafter referred as 3N). The chemical composition of 5N
and 3N are listed in Table 1.

Table 1 Chemical composition of pure aluminium 5N and 3N used in this work

Sample .
(wt. %) Al Si Ga zZn Fe Cr \Y Mn Zr

3N ]99.9671|0.0048 |0.0045 |0.0045 |0.0160 |0.0009 |0.0008 |0.0007 |0.0003
SN ]99.9998)0.00009 |0.00004 |0.00001 ]0.00001 |0.000004 |0.00002]0.000003 |0.00001

Face 1 and Face 2 of each sample for EBSD analysis were prepared metallographically with
SiC papers (up to 1200 grit) and then polished with ~50 nm OP-S (Oxide Polishing Suspensions)
diluted with H20 by a ratio 1:5 of OP-S:H20. Each face was finally electropolished for 40s in
a solution of 9.5 vol% perchloric acid in ethanol at room temperature and 20 V. The
electropolished samples were immersed into 0.5 vol% hydrofluoric acid for 6 min to reveal its
microstructure under an optical microscope.

2.2 Uniaxial compression tests and DIC

The uniaxial compression tests for 3N and 5N samples were carried by Instron mechanical
testing frame to achieve up to 0.3 engineering strain at a 0.02 s strain rate and room
temperature. Sample geometries and stress-strain behaviours from experiments and CPFE
modelling can be found in Figure 1. Samples were lubricated by the extremely stable lithium
complex grease on both sides to reduce the friction during the compression.



Monochrome time-series 14 bit digital images were taken from the compressed front surface,
by a Canon camera EOS 60D with the function of high-speed continuous shooting. The total
number of pixels on the specimen is around 1.6x10°. The correlation of time-series images for
strain responses was performed using software GOM Correlate 2018 [29]. The facet size and
point distance were set to be 19x19 pixels and 16 pixels with 15.6% overlapping, for the strain
calculation. The facet matching was set against the first image with a single pass. The max.
intersection deviation of 0.10 pixels and min. pattern quality of 1.10 were applied for this high
accuracy mode. The interpolation method for subpixels was bicubic.
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Figure 1 al)-b1) show the sample geometry of single crystal (SC) and multi-crystal
(MC) samples for testing. a2)-b2) shows the exp. and simulated engineering stress-
strain curves of uniaxial deformed SC and MC.

2.3 Characterisation

Optical microscope and EBSD were applied for the microstructural characterisation. Images
obtained under an optical microscope equipped with cross polarizers was interrogated using
ImageJ software to clearly reveal the DBs. EBSD maps were captured on a Hitachi S3400N
with Bruker eFlashHR EBSD system equipped with an eFlashHR camera and Esprit v2.1
software. An accelerating voltage of 20 kV and a step size of 3 um were used for the EBSD
mapping.

1 https://www.gom-correlate.com/
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2.4 CPFE model

The CPFE model [21,30] is able to capture the heterogeneities of stress and strain distribution,
by taking into account of the elastic and plastic crystal anisotropy. The model used in this work
is implemented in the UMAT subroutine of ABAQUS software using an explicit scheme.

The deformation gradient, F, is given by the sum of the elastic deformation gradient F¢ and
plastic deformation gradient FP. The rate of deformation, D, is given by the sum of elastic and
plastic rates of deformation, D¢ and DP. D¢is determined by the anisotropic Hook’s law and DP
is determined from the symmetry component of plastic velocity gradient, LP, as

DP =sym(LP) @
where LP is the sum of contribution to slips from the active slip systems expressed as
12
LP=5 y%s%@n? @
a=1

where s is the line vector along the slip direction and n® is its slip plane normal. The dislocation
slip rate on the slip system «, y%, is given by

o = oM. _vb2exp(— 2ysinh(- AV ;% @
Y7 =Pssp p( kT) ( KT T TC ) (3)

where pgs,, is the density of gliding statistically stored dislocations (SSD), v is the frequency
to overcome obstacle barriers, b is the Burgers vector for FCC crystal, AH is the Helmholtz
energy, k is the Boltzmann constant, T is the temperature in Kelvin, AV is the associated
activation volume from literature, t& is the critical resolved shear stress for the slip system a.
The accumulated slip after a certain period, y& 4, is given by

a  _.,0 |2
Heat™1 HipatM @)

A Taylor’s dislocation hardening rule to describe the isotropic hardening during plastic
deformation is expressed as

_ S
& =70+ G2 0y[Pssp ®)

where 7, is the initial critical resolved shear stress, G;, is the shear modulus, p, is the
density of sessile SSD determined by a phenomenological relation with effective plastic strain
pas

Psp=4P 6)

where A is the work hardening coefficient and the effective plastic strain rate p is calculated
from the plastic deformation rate tensor DP by

oo 2oper | )

The physical properties used in this work for pure aluminium were obtained from the literature
[30,31] and listed in Table 2. Note that the Helmholtz free energy AH used in this study did not
consider the strain rate effect because the test is conducted at room temperature.



Table 2 Material properties of pure aluminium

Boltzmann constant (k) 1.38x102 JK!
Burgers vector magnitude (b) 2.86x10™* um
Temperature (T) 293K
Young’s modulus (E) 700 MPa
Initial slip stress (z.) 6 MPa
Mobile dislocation density (o%p) 0.01 um
Jump frequency (v) 101 st
Helmholtz free energy (AH) 2.9x1020)
Activation volume (AV) 6x1075h2
Hardening coefficient (1) 0.1 um2
Strain rate (£) 2x103% 51
Possion’s ratio (v45,) 0.35

3D single crystal and multi-crystal CPFE models were constructed to study the deformation
behaviour of pure aluminium. Finite elements with 20 nodes and reduced integration (C3D20R)
were used. The orientation information in CPFE model was obtained directly from the

corresponding EBSD maps. \The bottom, left and back surfaces are fixed in the model ho
simulate the uniaxial compression to 0.2 and 0.3 engineering strain.
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3 Experimental and modelling results

3.1 Validation of CPFE model

The simulated stress-strain curves shown in Figure 1 gives reasonably good agreement with
experimental data for both single crystals and multi-crystals. Note that there is a very slight
stress drop in the stress-strain curve for MC 1 at ~0.06 strain. By checking the deformed shape
of MC 1, the slight shift of stress could be attributed to the generation of obvious slip lines (i.e.
shifts of lattice structure to sample surface).

In addition, the DIC experimental and CPFE numerical strain yy maps, for deformed single
crystal and columnar multi-crystal samples, show a good match, when the total engineering
strain is 0.15 and 0.3. The distribution of strain yy on the midline of deformed single crystals
and multicrystal is shown in Figure 3a). The spread of strains along the midline is shown by
their standard deviation as error bars in Figure 3 a). The shape of deformed single crystals are
also compared with the deformed CPFE models in Figure 3 b) and c). The above comparisons
made between experimental results and CPFE simulated results demonstrate that our CPFE
model is able to simulate the deformation behaviour of single, multi-crystal pure aluminium
alloys with reasonable accuracy.
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Figure 3 a) Comparison of average eyy on the midline of the specimen between
DIC calculated and CPFE simulated results when the overall engineering
strain is 0.15 and 0.3. b1)-b2) and c1)-c2) compare the geometry of deformed
samples from experiments and CPFE simulations.

3.2 Single crystal analysis
3.2.1 Slip trace analysis

The slip field of the activated slip systems and their slip traces left on the XY face were
calculated by CPFE modelling for the single crystal a, b, ¢ and d (see Figure 2). Two types of
slip lines with different tilting angles were plotted superimposed with the traces of four slip
planes. OM results also show that slip line 1 and 2 are more closely aligned with the traces of
slip systems with the highest and second-highest value of slip field (i.e. primary and secondary
slip system) in all deformed single crystals. It is rational that some slip lines are not perfectly
aligned with their corresponding {111} slip plane traces, as the slip trace analysis is based on
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the initial undeformed crystal orientation while the observed slip lines are formed and rotated
during the plastic deformation as the discussion in [32].

Slip lines + calculated slip traces

Slip Linel . “
$$:10, 11,12
~ - 4 7

Slip line 2

\Figure 4 a)-d) are the optical microscope images of 30% uniaxial deformed
single crystal a-d. Slip lines left on the sample surface and the calculated traces
of 12 {111}<110> slip systems (SS) are superimposed. Traces of primary and
secondary slips are highlighted in red and the other {111} traces are marked
with blue dashed lines.

3.2.2 Deformation band formation

The EBSD IPF maps according to the deformation axis (i.e. Y-axis) before and after
deformation are plotted superimposed with their orientated crystals in Figure 5 al)-d1). It can
be seen that the DBs are formed in these crystals to accommodate the imposed plastic
deformation. Unlike the uniaxial tension tests, the top and bottom surfaces of the compressed
specimens are free to move horizontally as shown in [7]. The orientation of the matrix nearly
remains the same before and after compression. The slight rotation of crystal orientation in the
deformed matrix observed in Figure 5 could be attributed to the errors from sample preparation
and imaging alignment.

DBs with similar tilting angles are found in deformed microstructure for each grain orientation
(see Figure 5 a2)-d2)). Those bands are more likely located parallel to the slip line 2, such as
single crystal a, b and c. The secondary slip system for every single crystal and its
corresponding slip lines are determined and shown in Figure 5 al)-d1).
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After measuring the misorientation angle across the bands in Figure 5 a3)-d3), a sharp
orientation change was observed at each edge of bands (i.e. deformation-induced grain
boundary, see Figure 5 a4)-d4)). The misorientation >15° (i.e. HAGB) is developed during
deformation for the deformation-induced grain boundary. This means the orientation inside the
band has an approximately constant orientation that is significantly different from the
orientation in the matrix. These observations agree with the definition of DBs by Barrett et al.
[1] in 1939.
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Figure 5 al)-d1) and a2)-d2) are the EBSD IPF maps in the Y-axis (i.e. the
loading direction) for the single crystal a-d before and after uniaxial
compression. The secondary slip system (SS) and its trace are marked out as a
comparison of slip line 2. a3)-d3) are the kernel average misorientation (KAM)
maps of deformed single crystal a-d respectively. The misorientation
distribution on Line AB is plotted in a4)-d4).

3.2.3 Single crystal modelling

CPFE predicted effective plastic strain and slip fields for the primary and secondary slip system
are plotted for the front (i.e. XY) faces of deformed SC a, b, c and d in Figure 6. The existence
of slip fields demonstrates that slip systems >1 are activated in deformed single crystals. The
ellipsoidal DB is characterised by its aspect ratio a/2c, where a and c are the longer and shorter
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length of semi-axes on the DB as shown in Figure 10 f). By comparing the slip fields in
deformed SC a, b, ¢ and d, it has been found that the primary slip exceptionally dominates in
SC a, while it has the \highest al2c ratios of DBs (see Figure 10 e). Also, the primary slip is

much less dominated in SC d while it has the fewest DBs (see Figure 5 and Figure 6 d).

Effective plasticstrain: Primary slip field: ~ Secondary slip field:
SS 4

a) &8

llf[

b) L e
0.80
c)
0.66
0.51
0.36
d) SS 11 g 0.22
g
S 0.08
Y N
-0.07

L

Figure 6 a)-d) are crystal plasticity predicted effective plastic strain
distribution and slip fields for the primary and secondary slip system in single-
crystal a, b, c and d.

In Figure 7, DBs left on the front (i.e. XY) face and b1) side (i.e. YZ) face of SC b and its
CPFE results are compared. It has been shown from Figure 7 a) that the effective plastic strain
distribution, primary and secondary slip fields vary for different faces of the same crystal.
Figure 7 b1-2) and c1-2) are the OM images to show slip lines and etched DBs for the front
(i.e. ZY) face and the side (i.e. XY) face respectively. It has been found that DBs are aligned
nearly parallel to the secondary slip lines. It is very interesting to see the fraction of DBs and
spacing between DBs are strongly correlated with the intensity of the primary slip field (see
Figure 7 d1)-d2)). The higher the intensity of the primary slip field is, the higher the DBs
fraction and the denser the DBs would be formed.
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Figure 7 a) shows the CPFE calculated effective plastic strain distribution,
primary slip field and secondary slip field for SC b. b1-2) and c1-2) are the OM

images on side (i.e. ZY) face and front (i.e. XY) face respectively to show slip
lines and etched microstructure. d1) compares the DBs fraction against its
primary slip field. KL is a line vertical to the alignment of DBs with blue dots
showing the nonuniform distributed DBs on Line KL. d2) quantitatively
compares the spacing between adjacent DBs on Line KL against the CPFE
simulated primary slip field at the corresponding position.

3.2.4 Orientation formation

Pole figures (PF) of {111} planes in deformed single crystals are plotted together with the PF
before deformation in Figure 8 al)-d1). Pole figures of {100} and {110} planes are shown in
Appendix Figure B. It is clearly seen that the newly formed orientation is originated due to the
rotation of matrix around Z-axis during deformation in Figure 8 al)-d1). This indicates that the
crystal slip planes are rotating around the loading axis. In Figure 8 a2)-d2), obvious orientation
shifts (i.e. misorientation angle > 10°) are also found in the deformation state resulting in the
increase of misorientation angle distribution, especially for the crystals with distinct DBs, i.e.
single crystal a, b and c. The increase of misorientation angle demonstrates that lattice sliding
was not uniform even in this single crystal uniaxial compression due to the interaction of
multiple slip systems, giving rise to the storage of dislocations in the deformed structure.
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Figure 8 al)-d1) are the pole figure (PF) and inverse pole figures (IPF) of
deformed single crystal a-d. Red dots show the orientation before compression.
Red arrows represent the clockwise rotation and blue arrows represent anti-
clockwise rotation around Z-axis. The colour in IPF is consistent with IPF
colour key regarding the compression direction (i.e. Y-axis). a2)-d2) show
misorientation angle distribution before and after compression for single
crystal a-d).

Through checking the corresponding inverse pole figures (IPF) in Figure 8 a2)-d2), it has been
found that the {111} slip planes tend to orientate perpendicular to the loading direction (i.e. Y-
axis) in the newly formed DB, which means slips become harder to be activated in DB (see
Figure 8 al)-d1)). This is confirmed by the drop in the highest Schmid factors (SF) in Figure 8
e) that the orientation in DBs is rotated to a ‘harder’ orientation. The Schmid factors of 12 slip
systems in the deformed matrix and DBs are shown in Appendix Figure A.

3.3 Columnar multi-crystal
3.3.1 Slip trace and deformation band

The slip traces of 12 {111} <110> slip systems in each grain were calculated and plotted
superimposed with the inverse pole figure (IPF) maps regarding the Y-axis (i.e. the loading
direction) in Figure 9. The traces of two slip planes with the primary and secondary slip system
calculated based on the CPFE are highlighted in red, and the other two {111} traces are
highlighted with blue dashed lines. The most easily activated slip plane is labelled out by red,
and the second easily activated slip plane is labelled out by black in Figure 9.

It can be seen in the EBSD estimated KAM maps that DBs with high misorientation angle on
its transition bands were formed in some grains. By comparing the side (i.e. YZ) faces of MC
1and 2 in Figure 9 a2)-b2), it can be concluded that the total imposed strain level does have a
strong effect on the formation of DBs. The side faces of MC 1 and 2 have the same grain
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orientations and tilting angle of GBs but different engineering strain levels, i.e. 0.3 for MC 1
and 0.2 for MC 2. The side face of MC 1 with the higher imposed strain has more distinct DB,
while no obvious DB is found in the side face of MC 2. The same with the study on single
crystals, the specific factors causing the formation of DBs in multi-crystals are discussed by

CPFE modelling in the next section.

Also, in these two MC samples that DBs are located in parallel to the secondary slip plane,
especially on the front face of MC 1 and 2 (see Figure 9 al)-b1)). However, DBs on side face
are not perfectly aligned along the secondary slip plane. This might be due to the local stress
field generated due to the presence of their neighbouring grains (see Figure 9 a2)-b2)).
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Figure 9 al)-a2) and b1)-b2) show the EBSD IPF-Y map and its KAM map for
front and side face on MC 1 and 2 respectively. The trace of primary and
secondary slip plane are marked out as red dashed line together with the red
and black label respectively in IPFY maps. The colour on grain boundaries
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(GBs) in KAM maps indicates the value of misorientation on GBs. The crystal
orientation information at each position is superimposed in the KAM maps.

3.3.2  Multi-crystal modelling

The effective plastic strain and slip field of primary slip on the front and side face is plotted in
Figure 10 for CPFE multi-crystal (MC) 1 and 2 which were deformed to 0.3 and 0.2 engineering
strain respectively. It is clear that the distribution of the effective (the sum of) plastic strain
field is very different from the primary or secondary slip field.

By comparing the simulated results of the two set of microstructure in Figure 9, it is convincing
that, instead of the effective plastic strain field, it is the primary slip field which is more
correlative with the formation of DBs. For instance, the effective plastic strain distribution is
quite homogeneous in the side face of MC 1. However, DBs shown in deformed EBSD maps
were only formed in the above grain (i.e. grain @). Also, the effective plastic distribution in
the grain @ on the front face of deformed MC 2 (see Figure 10 a2)) is low. However, a distinct
DB is found in this area. By contrast, the primary slip field explains well for the formation of
DBs, i.e. the higher the primary slip field, the more possible the DBs could be formed in this
area.

Based on the work of \Brown\ et at. [33], the DBs resulting from plastic strain would be

ellipsoidal to balance the applied stress. The stress in the neighbourhood of the tip due to the
dislocation pile-up would be proportional to the aspect ratio a/2c of the DBs (see the sketch in
Figure 10 f). The relationship between the a/2c ratio of DBs and primary slip field, as well as
effective plastic strain, are compared for deformed single crystals and multi-crystals in Figure
10 e) and f). The primary slip field demonstrates a strong correlation with the a/2c ratio of DBs,
while no obvious relation is found between the effective plastic strain and a/2c ratio.

The DBs fractions on each face of MC 1 and 2 versus values of the effective plastic strain and
primary slip field at the corresponding positions of DBs are plotted in Figure 10 g). It has been
found that high DBs fraction is related to high values of the primary slip field, instead of the
field of effective plastic strain.
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Figure 10 Crystal plasticity predicted effective plastic strain and primary slip
fields for multi-crystals: al)-b1), c1)-d1) are the front face and the side face of
MC 1 which was deformed to 0.3 engineering strain; a2)-b2), c2)-d2) are front
face and the side face of MC 2 which was deformed to 0.2 engineering strain.
An ellipsoidal DB with semi-axes a and c is drawn after Brown et al. [33]. €)
and f) show a/2c ratios of DBs against primary slip field and effective plastic
strain value in SC a-d and MC 1-2. g) shows DBs fractions against primary slip
field and primary slip field for each face of multi-crystals. a/2c ratios and DBs
fractions of the whole map are measured from EBSD maps while the primary
slip field and effective plastic strain are obtained from CPFE modelling at the
corresponding position.

3.3.3 Orientation formation

Pole figures (PF) of each grain in deformed samples are plotted together with the PF of
undeformed crystal in Appendix Figure C. Same with the DBs in deformed single crystals,
obvious orientation rotations around Z-axis are found in the distinct DBs in deformed multi-
crystals.

The corresponding inverse pole figures (IPF) regarding Y-axis for front and side face are
plotted in Appendix Figure D for deformed MC 1 and 2. Keeping the same with the DBs in
single crystals, the {111} slip planes in DBs are found to preferentially orientate perpendicular
to the loading direction during compression, which means their slips are harder to be activated.
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4 Discussions

In 1979, the homogeneous distribution of primary and secondary slip lines all over the sample
area was already observed by Franciosi et. al. [34] in copper and aluminium single crystals
under optical microscopes. These crystallographic slip lines were also found by Asaro [20] in
1983 in polycrystalline alloys. Gioacchino and Fonseca [32] in 2012 firstly related the local
strain saturation with slip bands (i.e. with respect to slip lines) by using the digital image
correlation technique. However, the mechanism of DBs formations has not been clearly
understood by relating the slip system activation with the strain localisation. This work has
systematically analysed the formation of DBs and its characteristics in single crystal and multi-
crystal pure aluminium according to the slip trace analysis, EBSD mapping and crystal
plasticity simulation.

4.1 Mechanism of deformation band formation

In this study, the tabular strain localisation structures defined as DBs are found in uniaxial
compressed single crystal and multi-crystal pure aluminium alloys. Through comparing the
optical microscope and EBSD maps of all samples at the same area before and after
compression (see Figure 5), grain sliding and lattice rotation >15° are observed for the
deformed sample matrix and DBs respectively.

According to the slip trace analysis shown in Figure 4, two types of slip lines are proven to be
created by the primary and secondary slip system. The EBSD maps show that the DBs tend to
align parallel to the trace left by the secondary slip system.l (see Figure 5 for single crystals and

Figure 9 for multi-crystals).

Therefore, it can be concluded that the slip band intersection of the the primary and secondary
slip system could be the cause for the DB formation since the lattice sliding would be
constrained at the slip band intersection area. \Meanwhile, similarly with the Eshelby’s model
for the slip band and grain boundary intersections [35], the dislocations would pile up at the
slip band intersection area giving rise to the high stress ahead of the blocked slip band. This
local constraint prohibits the lattice sliding but would trigger lattice orientation rotation to form
DBs. These observed DBs in mesoscale can be referred to kink bands rather than the bands of
secondary slip since the wall of bands is perpendicular to the primary main slip direction as
discussed in [5,7].

The mechanism of DB formation is summarised in Figure 11. Three different types of
deformation in single crystal are shown in Figure 11 b): i) describes the lattice sliding (i.e. no
orientation change) when only one slip system is activated; ii) describes the single slip system
activation and lattice rotation (i.e. tilting) due to constraints; iii) describes the DBs formation
due to slip band intersection. In Figure 11 c), a detailed sketch shows the intersection of two
types of activated slip systems (i.e. red and black symbol), as well as the dislocation pile-up at
the intersection point along with the secondary slip system. It also explains the strain
localisation at the boundary of DBs \due to the effective barriers to the dislocation motion,
which is similar to the effect of grain boundaries [35].\
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Figure 11 A sketch to show the mechanism of DB formation. a) Slip direction s
and slip normal n in a single crystal (SC) before deformation. b) Three types
of deformation in deformed single crystal: i) lattice sliding only; ii) lattice
rotation (i.e. tilting) with constraints; iii) a combination of lattice sliding and
rotation due to local constraints causing the formation of DB. c) A detailed
sketch shows the local constraint due to slip band intersection and dislocation
pile up at an intersection point.

4.2 Factors affecting deformation band formation
4.2.1 Crystal orientation

The deformed microstructures of four single crystals with different orientations are compared
to study the effect of orientation on DB formation (see Figure 5). No distinct DBs are found in
deformed single crystal (SC) d. By comparing the predicted effective plastic strain and slip
field of single crystals in Figure 6, it can be seen that the SC a, b, ¢, d have similar values of
effective plastic strain near DBs. Meanwhile, SC d has the most homogeneous slip field
distribution for the primary and secondary slip systems (i.e. no dominating slip system) in
comparison with the other single crystals. Therefore, when the total strain is the same, the
crystal orientation would affect the formation of DBs by having a different level of primary
slip fields. If one slip system is dominated during deformation, the peak value of its slip field,
i.e. the value of primary slip field, could be high enough to facilitate the formation of distinct
DBs with high misorientation on its boundaries (see SC a and b in Figure 5).

Furthermore, the crystal orientation also affects the aspect ratio, i.e. a/2c value, of formed DBs
by having different levels of the primary slip field (shown in Figure 10 e). The primary slip
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field could be directly related to the stress level formed at the tip of DBs while the stress is
proportional to the aspect ratio a/2c of the DBs as discussed by Brown [33]. Therefore, the
primary slip field has a strong correlation with the aspect ratio of DBs.

4.2.2 [Strain level

The multi-crystals MC 1 and MC 2 which has nearly the same orientations were compressed
to different strain levels, i.e. 0.3 engineering strain for MC 1 and 0.2 for MC 2, to compare the
strain effect on DBs formation. Regarding the side faces of MC 1 and 2 whose grain orientation
and grain structure are same, much fewer DBs and minor crystal rotation were found in MC 2
as seen in Figure 9 b1)-b2). Therefore, the induced strain level could also be the key factor in
the formation of DBs. As shown by the CPFE results for side faces of MC 1 and MC 2 in Figure
10, the side face of MC 2 with no DBs have a lower value of the primary slip field while no
obvious difference is found for the effective plastic strain level, especially in grain @. Hence.
the more primary slips would lead to more slip band intersection and the crystal rotation in
DBs.

By comparing the aspect ratio a/2c of DBs in deformed MC 1 and MC 2, it has been found in
Figure 10 f) that the high value of the primary slip field would prompt the occurrence of DBs
with the high a/2c ratio. It may imply that highly concentrated stress could be formed at the tip
of DBs due to the dislocation pile-up of primary slips.

4.2.3 Neighbouring grain

\The\ grain structure could affect DBs formation due to the constraints imposed by the sharp
sloped orientation change from neighbouring grains [32,36]. As discussed before, DBs formed
in single crystals and multi-crystals are found to preferentially locate parallel to the slip trace
of secondary slip system. However, for the side face of multi-crystals which have highly sloped
orientation change, DBs are found to be parallel to the grain boundary instead of the secondary
slip system (see Figure 9 a2)-b2)). Hence, the constraint imposed by the orientation change
would affect the local stress-strain state in grains and lead to crystal rotation. The stress
concentration at grain boundaries caused by slip band-grain boundary intersections has already
been demonstrated by Guo et. al. [35] by using cross-correlation-based electron backscatter
diffraction. fThe effect of neighbouring grains explains why DBs near the highly sloped grain
boundary do not always in parallel to the secondary slip system.

However, it has been found that neighbouring grains would not affect the new orientation
formed in DBs. The orientation in DBs near highly sloped grain boundary still tends to rotate
around Z-axis and become ‘harder’ (see Figure D in Appendix).

4.2.4 Slip direction

The activated slip direction is also found to affect the formation of DBs, as the area fraction of
DBs varies for the font face and side face of the same single crystal (see Figure 7 b)-d)). The
grain orientation and total strain level are the same in this case. Therefore, the accumulation of
slips on different faces would be different due to the activated slip direction, resulting in the
different distribution of the primary slip field as shown in Figure 7 a). According to the
quantitative analysis in Figure 7 d1)-d2), the higher the primary slip field is, the higher the area
fraction of DBs and the higher density of DBs would be formed.

4.3 Orientation in deformation band

The orientation formed in DBs is analysed by comparing the pole figures and inverse pole
figures of single crystals and multi-crystals before and after compression. According to the
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pole figures shown in Figure 8 and Figure D in the Appendix, it has been found that the
orientation in DBs is formed due to the lattice rotation around Z-axis following clockwise or
anti-clockwise direction. The more distinct DBs are formed, the higher the misorientation angle
is found between the deformed matrix and DBs (see Figure 5 a4)-d4)).

According to the inverse pole figures (see Figure 8 al)-d1) and Figure D in Appendix), it has
been found that {111} slip planes in DBs tend to rotate perpendicular to the loading direction,

i.e. Y-axis. This means that slips become harder to be activated in all DBs compared with the
deformed matrix when the loading direction is still Y-axis. This has been demonstrated by the
drop in the highest Schmid factors (SF) in DBs (see Figure 8 €)). Therefore, it is rational to
conclude that the direction of crystal rotation in DBs, i.e. either clockwise or anti-clockwise,
depends on which way could reduce its Schmid factor values. Furthermore, the higher the
primary slip field is, the higher the rotation angle is found for the slip planes in DBs (i.e. the
slips become ‘harder’ to be activated).

4.4  Prediction on DBs

To perdicit the DBs formation, the CPFE modelling is a very effective technique, as the slip
field of each slip system in single crystal, multi-crystals and polycrsytals can be checked. The
primary slip field rather than the effective strain field can be used to determine whether distinct
DBs would be formed in grains. As the DBs tend to occur at the high slip field regions, the
primary slip field calculated based on crystal plasticity theory is helpful for the prediction on
the area fraction, density and aspect a/2c ratio of activated DBs. As the CPFE modelling for
the prediction of strain fields has been validated to a large extence by Dunne et. al.
[30,31,37,38], the effect of neighbouring grains, complex strain path and strain levels can be
simulated in mesoscale, to obtain the eventuated plastic strain distribution and the peak value
of slip field.

5 Conclusions

In this work, integrated experimental study and CPFE modelling in mesoscale are utilized to
provide new insights in understanding the mechanism of DBs formation in pure aluminium and
its affecting factors. It has been shown that:

1. The DBs are produced aligning parallel to the secondary slip system due to the
constraints from the slip band intersection of primary and secondary slips. It is rational
to speculate that the lattice sliding is prohibited at the intersection area while the lattice
rotation is triggered to form high angle grain boundaries (i.e. HAGBs) for DBs.

2. The orientation formed in the DBs is found to become harder since {111} slip planes
in the DBs are much more likely to become perpendicular to the loading direction.
Hence, the orientation formed in DBs can be estimated according to the initial grain
orientation and primary slip field calculated from the CPFE modelling.

3. Various factors, including crystal orientation, strain level, neighbouring grains and slip
direction, have an impact on the formation of DBs by affecting the primary slip field.
DBs are formed preferentially in grains whose primary slip field rather than effective
strain field reaches to criteria.

4. The value of the primary slip field has a strong correlation with the area fraction, aspect
ratio (i.e. a/2c¢) and the density of formed DBs in deformed single crystal and multi-
crystal pure aluminium alloys.
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of SC a, b ¢ and d in the matrix. The most easily activated two slip planes are
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b1)

Figure B Pole figures of deformed single crystal a-d. Red dots show the
orientation before compression. Red arrows represent the clockwise rotation

and blue arrows represent anti-clockwise rotation around Z-axis.
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Figure C al)-a2) and b1)-b2) are PF of each grain in the front and side face
of deformed samples. Red dots in PF show the orientation of each grain before
compression. Red and blue arrows indicate the clockwise and anti-clockwise
rotation of crystal orientation around z-axis during deformation.
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MC 1 and 2. The top and bottom parts are split for the IPF plotting of each
face. Colours are consistent with the IPF-Y maps shown in Figure 9.
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