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In a polycrystal, the heterogeneity of plastic deformation in a particular grain is
greatly enhanced by adjacent grains that constrain the grain’s local behavior,
often imposing orientation gradients. This work aims to characterize and
quantify the local orientation gradients near grain boundaries (GBs). Electron
backscatter diffraction (EBSD) measurements were made on a 0.67 mm thick
aluminium-killed drawing quality (AKDQ) steel sheet subjected to different
loading paths that are typical of forming operations. A statistical analysis shows
that a considerable fraction of the analyzed GB profiles can be described by an
orientation profile with a constant slope near the GB. In order to quantify this
behavior, as well as the degree of localization, two new parameters, based on the
local orientation gradient assessed by EBSD, are proposed: BET (boundary
effective thickness) and GAS (gradient average severity). These parameters
should be considered together, the BET as an effective thickness of the GB zone
where the orientation gradient takes place and the GAS as a measure of the
magnitude or severity of the orientation gradient. Additionally, the GAS
parameter shows a strong correlation with the accumulated macroscopic strain
for the investigated deformation levels and loading paths, while the BET profile
clearly reveals the influence of the GB on the misorientation profiles. Tension
and biaxial stretching results lead to a BET value between 1.5 and 2 pm. Finally,
it is shown that the local misorientation in the GB zone, on both sides of the GB
line, is disperse and it does not correlate simply with misorientation or even the
slip-transfer geometry across the GB. Moreover, the observed average local
misorientation dispersions in GB zones are different for each loading condition.

1. Introduction

Stretching and deep-drawing processes have been used for
many years to form parts from a variety of sheet metals. These
forming operations involve plastic deformation, which is, by
nature, inhomogeneous. As deformation proceeds, the accu-
mulation of dislocations inside grains produces local crystal-
lattice rotations (i.e. local misorientations), and low- followed
by high-angle boundaries, which can all be quantified as local
orientation gradients. Experimental and numerical research
for a variety of polycrystalline materials has shown that these
gradients result from a complex phenomenon involving the
combined effects of loading conditions and the microscale
behavior of the grains constituting the polycrystalline aggre-
gate. Several factors contribute to the character of local
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deformation, such as the topology and the shape of the crys-
tals, the grain boundary spatial distribution, and the individual
crystal orientation (Kanjarla ef al., 2010; Rollett et al., 2012;
Franciosi & Berbenni, 2008; Allain-Bonasso et al., 2012;
Scheriau & Pippan, 2008; Mishra et al., 2009; Lebensohn et al.,
2008; Winther, 2008).

Mishra et al. (2009) characterized orientation gradients
between the grain interior and the grain boundary in terms of
the length over which a significant gradient was observed and
the maximum misorientation angle, in aluminium samples
deformed in uniaxial tension. They observed that the esti-
mated length ratios correlate with differences in the yield
behavior of the grain pair (an inverse power-law relationship
with the Taylor factor ratio). These results offer evidence of a
near-neighbor grain interaction. Rollett et al. (2012) dealt with
orientation gradients near grain boundaries in an interstitial-
free steel sheet and found neither a relationship between
orientation gradient and grain size nor a correlation with grain
orientation. On the other hand, Winther (2008) showed that
both lattice rotations and dislocation structures depend on the
grain orientation in aluminium polycrystals deformed by
tension or rolling. Using orientation imaging microscopy and
full field simulations, Lebensohn et al. (2008) studied the
orientation dependence of the average misorientations in
polycrystalline Cu deformed in tension. They showed that the
interactions with different neighbors may be responsible for
the local rotation towards two different stable orientations.
This leads to the formation of subdomains inside grains and
the consequent development of intragranular misorientations.
Orientation gradients are also found in ferrite-martensite
microstructures, like in dual-phase steels. In two ultrafine-
grained dual-phase steels with different martensite island sizes
and volume fractions, Calcagnotto et al. (2010) quantified
orientation gradients, pattern quality and density of geome-
trically necessary dislocations (GNDs) at ferrite—ferrite and
ferrite—martensite interfaces. They found that even very small
martensite islands cause strong local plastic deformation in the
adjacent ferrite regions and important orientation gradients
close to the ferrite—martensite grain boundaries (GBs). In a
Cu polycrystal, with grain sizes ranging between 5 and 50 pm,
Soifer et al. (2002) observed heterogeneous plastic deforma-
tion near grain boundaries. They found that the hardness near
the GB increases by a factor of 1.5 compared to the core of the
grain. More important, the effect of the GB was significant as
far away as 2 um. Soer et al. (2005) studied the near-GB
hardening in Mo bicrystals and established that the GB affects
the hardening over a 1 um wide zone.

Moreover, orientation gradients play an important role in
grain fragmentation, in recrystallization and in the develop-
ment of stress concentrations near GBs, which may eventually
lead to crack initiation (Takayama et al., 2005; Bieler et al.,
2009; Rollett et al., 2007; Pouillier et al., 2012). Recently,
researchers have studied the localization of plastic strain
associated with heterogeneous deformation near GBs, as a
precursor to the nucleation of fatigue cracks. This was done to
correlate the influence of the geometrical configuration of slip
on both sides of the grain boundary. Abuzaid et al. (2012)

provided pointwise comparisons between strain fields and
microstructure and correlated the plastic strain magnitudes
across the GBs with the residual Burgers’ vector. Bieler et al.
(2014) showed that slip transfer can be rationalized in terms of
a geometrical alignment of activated slip systems in neigh-
boring grains.

Nowadays, electron backscatter diffraction (EBSD) allows
accurate maps of crystal orientations to be easily obtained.
Several EBSD-derived parameters can be found in the
literature, reflecting the heterogeneity of plastic deformation
inside grains (Jorge-Badiola et al., 2007; Wagner et al., 2012;
Allain-Bonasso et al., 2012; Githinji et al., 2013; Schayes et al.,
2016). Among these, the kernel average misorientation
(KAM) is noteworthy (Subedi et al., 2015; Rollett et al., 2012).
The KAM can be used as a simple metric to quantify a GND
density compatible with the orientation field (Moussa et al.,
2015; Wright et al., 2015). The KAM parameter greatly
depends on measurement conditions (sample preparation
procedure and surface quality, pattern resolution, and reso-
lution of the Hough space within which the position of the
Kikuchi bands is detected) as well as the size ratio between the
investigated structures and the chosen step size (Kamaya,
2011). Allain-Bonasso et al. (2012) discussed the use of several
of these EBSD parameters for the characterization of plastic
heterogeneities. They showed that the grain orientation
spread (GOS) and moreover GOS/D (GOS divided by the
grain diameter, D) allow recognition of grains that have
undergone high or low deformation. More recently, Subedi et
al. (2015) studied the relationship between orientation gradi-
ents and grain boundaries, by varying the strain level and the
scan step, in a high-purity polycrystalline copper pulled to
failure in tension. They paid particular attention to the scan-
step effect on the KAM calculation. In their case, a scan step
of 0.5 um was sufficiently fine to sample the dislocation
substructure with enough resolution to capture all the post-
deformation features. Kamaya (2011, 2012) investigated, also
by EBSD, the localization of misorientation near grain
boundaries and the distribution of local misorientations, in
fatigued stainless-steel specimens. He showed that the local
misorientation tended to concentrate at GBs and the intensity
of the localization increased with the applied deformation.
Additionally, he reported poor correlations between the local
misorientation near a grain boundary (Mgg) and the GB
length, or between Mgy and the misorientation across the
GBs, including twin boundaries.

The present study focuses on an aluminium-killed drawing
quality (AKDQ) steel sheet. This material is produced espe-
cially for making parts that require severe forming or drawing
operations, under conditions that are beyond the limits of
commercial quality cold-rolled steel sheets. AKDQ steel is
often taken as a reference because of its many applications
and production volume. The steel’s drawability, ductility and
surface appearance are of great importance in most of its uses,
including a variety of applications ranging from automotive
bodies to appliances and cans. Improvements in properties
can be achieved by suitable thermomechanical treatment.
Accordingly, a detailed study of the manufacturing parameters,
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the mechanical properties, the final microstructures and their
interdependent relations is needed to optimize processing
parameters and forming paths.

This work aims at obtaining relevant quantitative infor-
mation from EBSD maps to characterize plastic strain
heterogeneities and orientation gradients in AKDQ steel
sheet samples subjected to different deformation conditions
near necking. The paper is organized as follows. The experi-
mental section presents the material characterization and
mechanical tests. Then, the basic definitions related to crystal
misorientation and parameters representing the localization of
crystal misorientations are reviewed. The validity of assessing
mesoscopic deformation from EBSD parameters is discussed,
and subsequently, orientation gradients within grain boundary
zones (GBZs) are analyzed to determine what fraction of
them can be statistically quantified into a simple profile. To
further characterize this behavior, two new EBSD-derived
parameters are proposed. These parameters account for the
magnitude or severity of the orientation gradient and the
effective width along the boundary where it occurs. Finally, the
correlation between the geometry of slip transfer across the
GB and the loading path is considered.

2. Experimental procedure

A 0.67 mm thick electrogalvanized AKDQ steel sheet with an
ASTM grain size number of 9-10 (ASTM E112) and Vickers’
hardness of 106 HVs was used in this investigation. The
chemical composition of the steel, excluding the zinc plating, is
given in Table 1.

Nakajima samples were laser cut and tested in three stages
(Signorelli et al., 2012): application of a grid of circles to the
samples; punch stretching to maximum load; and measure-
ment of strains. The grid pattern of non-contacting 2.50 mm
diameter circles was printed on the sheet samples by electro-
chemical deposition. The specimen was then mounted with its
gridded side opposite a 40 mm diameter hemispherical punch
and stretched with a punch velocity of 0.5 mm min™" up to a
noticeable drop in the load, indicating the presence of loca-
lized necking. The punch and die setup is shown in Fig. 1.
Multiple strain states were obtained by varying the width of
the hourglass-shape samples and using adequate lubrication
conditions. After testing, the major and minor dimensions of
the ellipses, with both uniform and localized deformations,
were measured with a profile projector. The hourglass
geometries were designed to approximate uniaxial tension
(UAT), plane strain (PS) and equibiaxial (EBA) stretching
conditions (Fig. 1).

The as-received (AR) material texture was measured using
X-ray diffraction in a Phillips X'Pert Pro MPD system
equipped with a texture goniometer, a Cu Ko radiation source
and polycapillary optics. The AR texture exhibits the typical
characteristics of cold-rolled and annealed steels. Micro-
structure characterization revealed the presence of two types
of grains. Some grains have a spherical shape associated with

Table 1
Chemical composition of the AKDQ steel sheet.

N
Element C P S Mn Si Cr Ni Cu Mo Al (ppm)

Wt%  0.070 0.020 0.009 0.300 0.040 0.020 0.010 0.010 0.010 0.192 88

partial recrystallization, while others are slightly elongated in
the rolling direction (Signorelli ef al., 2012).

For each sample, a 3 x 5 mm area close to the necking zone,
but not including the area of plastic instability, was selected in
order to analyze the development of orientation gradients for
each deformed state. After cutting, each sample was prepared
for EBSD measurements. The surface was mechanically
polished with 1200 grit paper, followed by 9, 6, 3 and 1 pm
diamond pastes and 0.05 pm colloidal silica. Sample finishing
with colloidal silica assures a flat scratch-free surface, which is
required for EBSD microstructural analysis. Local orienta-
tions were measured using an FEI QUANTA 200 scanning
electron microscope, equipped with a field emission gun and
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Figure 1
Details of (a) the punch and die setup and (b) the dimensions of the sheet
samples used to obtain different strain states.
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Table 2
Summary of the performed EBSD measurements.

Deformation statef ~ Area (um) Scan # Average grain-size distribution
AR 0x84 1 “
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+ The major and minor strain values are obtained by measuring the major and minor
axes of the ellipse after deformation (d,, d,). The relations & = In(d,/d,) and
&y = In(d,/d,) define the major and minor strains, respectively, where d,, is the initial
diameter of the circle in the grid. The e(}uivalent plastic deformation and the principal
strain ratio are defined as & = (¢ + sf,)1 2 and p = &y1/€;, respectively.

an EBSD detector. The EBSD detector is an EDAX (TSL-
OIM), with a phosphor screen and a DigiView CCD camera.
A forward scatter detector was attached under the screen. The
microscope was operated at 20 keV and had a working
distance of 15 mm. Crystal orientation data were acquired
over a hexagonal grid with a spacing (4,) of 0.1 pm. Table 2
summarizes the scan areas, deformation states and average
grain-size distributions for each deformation condition.

Fig. 2 displays inverse pole figure maps corresponding to
scans #5, #7, #13 and #18 as standard (ND) maps, where ND
designates the normal direction of the sheet plane. For the
EBSD analysis, a standard grain recognition procedure was
used, with a misorientation angle threshold set to 5° (Bach-
mann et al., 2011; Schwartz et al., 2000). Detailed information
for each EBSD map including average confidence index (CI)
and average image quality (IQ) is provided in the supple-
mentary material (Table S1) and it renders any cleanup
procedure unnecessary.

3. Results and discussion
3.1. Assessment of local deformation

Inherent effects from the influence of step size on the
accuracy of local misorientation data complicate the extrac-
tion of relevant information from EBSD maps (Kamaya, 2011,
Moussa et al., 2015; Wright et al., 2015). Assuming a local
linear correlation between the misorientation angle and the
kernel size (i.e. a constant orientation gradient at the kernel
scale), Kamaya (2011) proposed two parameters, the local
gradient of crystal orientation, Gy, and the background noise,
B;, to minimize measurement condition effects and to
represent the measurement accuracy, respectively. In what
follows, we briefly review the basic definitions. The local
misorientation, M, can be defined as

6
M (i) = %;m(i,j), M

where m(i, j) denotes the misorientation angle between two
orientations i and j. The sum runs over all first-neighbor sites
(located at a distance /& = hy, hy being the measurement step
size). The number of first neighbors depends on the grid

AR

Average Cl: 0.73
Average 1Q: 5732.20
Average KAM: 0.364

UAT

Average Cl: 0.79
Average 1Q: 3879.06
Average KAM: 0.608

pS ~ EBA

Average Cl: 0.69
Average |1Q: 1664.81
Average KAM: 0.781

Average Cl: 0.64
Average 1Q: 3205.62
Average KAM: 0.605

Figure 2

Inverse pole figure orientation maps for the AR material after different
loading paths (UAT, PS and EBA stretching). ND represents the out-of-
plane direction; the horizontal and vertical directions of the maps are the
rolling and transverse directions of the original sheet, respectively. Step
size ho = 0.1 pum. Black lines correspond to boundaries with misorienta-
tions exceeding 15°. Corresponding IQ maps are plotted in the
supplementary material (Fig. S1).
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pattern type used in the acquisition process [i.e. four points for
a square grid and six points for a hexagonal grid, as applied in
equation (1)]. Misorientation angles m(i, j) are only taken into
account if pixels i and j lie within the same grain. The local
misorientation magnitude can be extended to the following
nearest-neighbor kernels. In the case of the hexagonal grid,
the five kernel sizes are hy, 3'/2hy, 2h,, 7*h, and 3h,, with six
neighbors at each distance, except for the fourth kernel which
has 12 members (see Fig. S2 in the supplementary material).
An extended expression of equation (1) is given by

pts(k

)
m(i, j ),
pts(k) = @7%)

M® (i) = )

where k equals 1 for the nearest-neighbor kernel, 2 for the
second-neighbor kernel, and so on. The slope of the regression
line for the first five values of M(Lk) (e k=1,...,5), dM(Lk)/dh,
is defined as the local gradient of the crystal orientation Gy.
This magnitude is a measure of the heterogeneity of the
orientation. The higher the value, the more the orientation
changes over a given distance, resulting from a higher local
density of defects producing these misorientations. It should
be noted that k = 5 has been estimated as an adequate value in
this study. A higher k value leads to slightly higher values of
G, and an unnecessary increase in the computational cost;

Fig. S3 in the supplementary material shows this effect with
respect to the local gradient misorientation in the case of k = 8.

The intersection value at 4 = 0 defines the local background
noise By. The background noise represents the accuracy of the
EBSD technique, typically in the range of 0.5° for modern
systems, but the accuracy depends on many parameters,
including the crystal orientation itself and the presence of
defects. Fig. 3 shows the local gradient maps, for 60 x 60 pm
areas taken from scans #5, #7, #13 and #18 (see Table 2). The
maps were calculated using in-house software written in
Fortran. The grain boundaries are superimposed (white lines
correspond to boundaries with misorientations exceeding 15°)
to facilitate the visualization of the microstructure. A single
value averaged over all areas measured within a given sample,
G ave, represents the magnitude of the orientation gradient in
a given state. In sample AR, Gp.. is approximately
0.3° um™".

Owing to the deformation process and the heterogeneity of
plastic deformation, scans #7 and #13 show an increase in the
number of zones where misorientations localize appreciably.
High values of Gp are observed mainly near the grain
boundaries, but are also seen inside and across the grains.
Moreover, there are some regions, even including multiple
grains, where misorientations are localized. As will be
discussed later, and as Vachhani et al. (2016) recently observed

Local Gradient [deg./um]

Figure 3

30
€=040G, -0.10
251 R’=0.96 &
- % EBA
20 T X
7~
”
.
- i X Gat
D4
K%
10 -7 X x
AR i
[ o
0.5 el
§ 7
001, . . : . . . : .
0.0 0.2 0.4 06 0.8 1.0
VM strain

Maps of local gradients of crystal orientations for the AR, UAT, PS and EBA samples and average values for the measured EBSD maps as a function of
the equivalent plastic strain. White lines correspond to boundaries with misorientations exceeding 15°.
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in high-purity aluminium, the local misorientation near the
grain boundary does not show a simple correlation with the
misorientation between crystals on either side of the GB zone.
Also, Thorning et al. (2005) claim that differences in geome-
trically necessary boundary structures among the subgrain
domains are not a key indicator of grain-interaction effects. In
that study, the authors investigated Cu samples, with grain
sizes of approximately 100 pm, deformed in tension. As might
be expected, a similar analysis that accounts for a higher
concentration of local gradients can be done using scan #18,
which was taken after a von Mises strain of ~0.80. Note that
the majority of GBs accumulate local misorientations.

It is interesting that there are no qualitative differences if
the local gradient of crystal orientation is replaced by the
KAM values calculated in the present analysis. This is illu-
strated by comparing the maps in Figs. 3 and 4.

Furthermore, the extent of plastic deformation is an
important indicator of the material’s susceptibility to crack
initiation, crack growth or grain fragmentation. Since direct
mesoscopic scale strain measurement is difficult, investigators
have considered methods to correlate the accumulated strain
with the polycrystalline aggregate orientation field (Kamaya et
al., 2005; Schayes et al., 2016; Yoda et al., 2010). Kamaya (2011)
estimated the plastic deformation based on the average of the
local orientation gradient, G, because this parameter is less

sensitive to measurement conditions. It is possible that this
relationship remains valid even when considering different
loading paths. The plots in Figs. 3 and 4 show the averages of
G, and KAM for all measured EBSD maps as a function of
the effective strain determined from the grid pattern. A spread
in values is observed, which is associated with the sampling. A
linear-regression analysis for parameters Gy ... and KAM,.
confirms that a linear fit is a reasonable first approximation for
the entire data range. Correlation coefficients (R*) of 0.96 and
0.92 were calculated for Gy ., and KAM,,., respectively, and
the following relations were obtained:

89 =0.40G, . — 0.10,

(3a)

g = 1.81KAM,,, — 0.62. (3b)

It would be desirable to extend equations (3a) and (3b) by
replacing average magnitudes with local ones, in order to
estimate the grain’s average plastic strain. However, as we
shall see below, this is not possible in a quantitative form and
the relations can only be used to give a rough estimate of the
average strain in the grain. Fig. 5 shows the estimated grain-
average plastic strains calculated using either the local
gradient or the KAM as the reference [i.e. in equation (3) the
values G, and KAM,,. are replaced by Gy and KAM
averaged over the grain domains]. When these cases are

KAM [deg.]

EBA

Figure 4

1.0
£=1.81 KAM_ -0.62
) ave
0sd R?*=0.92 %
_ -~ 7EBA
0.6 x ¥ .-~
Ps. R
1 oo X UAT
0.4-§ - =
1 AR
0.2
0.0 -4 z T y T y T x T
0.0 0.2 04 06 0.8 1.0
VM strain

Maps of kernel average misorientation of crystal orientation for the AR, UAT, PS and EBA samples and average values for the measured EBSD maps as

a function of the equivalent plastic strain.
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compared, the dispersion in the estimated grain-average
plastic strain increases as the grain size decreases. This beha-
vior is illustrated for one of the UAT scans (#7), but it was
systematically verified on all measured EBSD maps. The poor
correlation confirms that equations (3a) and (3b) only make
sense from a qualitative point of view at the grain level.
However, if only the solid black circles in Fig. 5 are considered
(i.e. grain sizes > 10 pixels), the Pearson correlation factor
reaches 0.78 with a slope of 0.95, which indicates that grain
strains based on grain-average values of Gy and KAM
correlate well, and it could make sense to use them to roughly
estimate the strain at the grain level. It follows that the cali-
brated values of Gy_,,. or KAM,,, can be used in equations (3)
to assess the equivalent plastic strain in an average sense only.

3.2. Grain boundary zone — a model for the linear
misorientation profile and the introduction of new EBSD
parameters: 4, 5, BET, GAS

In a recrystallized IF steel sheet with a mean grain size of
16 um, Allain-Bonasso et al. (2012) showed different misor-
ientation profiles, after 17% uniaxial deformation. They also
observed that misorientation profiles taken from the grain
interior show an approximately linear orientation gradient
when approaching the grain boundary (see Fig. 3 of Allain-
Bonasso et al., 2012). Kashihara & Wert (2006) reported the
presence of orientation gradients near the GB in an alumi-
nium bicrystal under tension, as well.

In this section, we seek to determine the fraction of the
grain boundary zones that can, on average, be described with a
linear orientation-gradient profile and to obtain EBSD-
derived parameters describing this behavior. Results obtained
for different deformation conditions will be compared.

In order to verify the existence of local orientation gradi-
ents close to the GB, a GB zone must first be defined. In the
following, this area includes all pixels belonging to the grain
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Estimation of the grain-average plastic strain using both the grain average
of the local gradient of crystal orientation and the KAM parameter. The
symbol size for grains smaller than 10* pixels is proportional to the
apparent grain diameter.

that are within 5 um of a given GB and no closer to any other
GB. The orientation profiles were obtained by taking the
average local misorientation over 0.2 um thick bins within this
GB zone and at increasing distances from the GB (i.e. all
pixels belonging to the analyzed GBZ and their distances to
the grain border are between d; and d; + 0.2 pm). The generic
procedure used in order to determine the GBZ is as follows.

Given all the pixels belonging to a given grain k:

Step 1. Determine the set of pixels that are located at the
GB (i.e. pixels with first neighbors that do not belong to the
same grain).

Step 2. Separate the set of GB pixels into subsets GB;, one
subset for each border with a neighboring grain.

Step 3. Determine the GBZs. The pixel (r) belongs to the
GBZ,; of subset GB; if the pixel is closest to a pixel in the GB;
subset and it lies within a fixed threshold distance. This test is
repeated for all pixels in the grain.

The application of this simple model is shown in Fig. 6,
where the analysis is applied to the highlighted GB zones in
scan #13. Orientation gradients associated with GB zones I, II
and IV exhibit approximately linear behavior over a traverse
from the GB to the grain interior, while in case III, no
misorientation gradient is observed near the GB.

Fig. 6(c) shows several examples of misorientation line
profiles at two locations along the analyzed GBs. In the case of
GB I, the two point-to-point misorientation lines show more
pronounced variations at distances close to the GB while the
variations are less pronounced at distances greater than 2 pm,
which is consistent with the average profile shown in Fig. 6(b).
For GB II, the misorientation profile presents even more
variations depending on the place from which it was extracted.
This is consistent with the high concentration of low-angle
boundaries on the side of the GB where the traverses were
made, as seen in Fig. 6(a). The point-to-GB misorientation
reaches its maximum at a distance of 2 pm from this GB. A
similar situation arises in several other profiles checked along
this GB. Clearly, the misorientation profile associated with GB
III has a different behavior, where point-to-point misor-
ientations vary little from an average value of 0.4°. Misor-
ientations along traverses originating at GB IV were similar to
cases I and II but with smoother variations.

Linear misorientation profiles close to boundaries can be
characterized by two parameters, A and S, as shown in
Fig. 6(b). The value of A should be considered as an effective
thickness over which a constant orientation gradient occurs,
and B is taken as a measure of the severity of that gradient.
The parameter tangent(f), in units of ° um™", is the slope of
the observed misorientation profile, i.e. the magnitude of the
gradient. These parameters were determined from a least-
squares fitting of the experimental data from two-dimensional
sections. A more extensive analysis would require the
measurement of three-dimensional microstructures, which is
beyond the scope of the present work. Additionally, because
local misorientations may generate important uncertainties in
close proximity to the grain boundaries due to the overlapping
of Kikuchi patterns, for example, a gap of 0.5 pm was imposed.
This avoided high local variations in the misorientation profile.
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As already mentioned, the variations in local crystal
orientation were analyzed over a distance of up to 5 um from
the GB. Experimental profiles, even in this range of 5 um, can
show strong variations of local misorientations, and as a
consequence, there are important variations in the A and 8
parameters depending on which GB is selected. Therefore, in
order to validate this analysis, it was necessary to evaluate how
many of the GB zones fit the proposed model. The model
profile is considered acceptable when the square of the
correlation coefficient of the least-squares fitting procedure,
R?, is greater than 0.75, as shown in Fig. 6(b), GB L It should
be noted that the threshold value of 0.75 was selected arbi-
trarily. Supplementary Fig. S4 shows the effects of decreasing
this threshold to R*>>0.60 or increasing it to R* > 0.90. At
distances greater than A, the misorientation profile will be
characterized by its deviation from the average value using the
Lo, norm [ie. [[x ]| = max(|x|, ..., |x,])]-

The following results are based on the GB zones in which
the model profile was verified (R” > 0.75). A total of 6436 GB
profiles were evaluated. In a zone of width A from the GB,
statistical analysis showed that about 50% of the analyzed
near-GB misorientation profiles could be described as lines
with a negative slope. That proportion decreases with
increasing deformation: AR (69%), UAT (57%), PS (58%)
and EBA (47%). It is interesting that uniaxial tension and
plane strain samples deformed to similar equivalent strains
contained a similar fraction of GBs with a linear profile (i.e.
constant gradient). This does not mean that for all deforma-
tion conditions the observed gradients are the same; in fact, as
the deformation increased, the misorientation in the GB zones
and thus the severity of the gradient (i.e. B value) increased
accordingly. There is a trend for the misorientations to be
localized close to the GBs and to follow this simple model
profile, although the model is far from describing entirely the
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(a) Image quality map with highlighted boundaries resulting from the misorientations measured in scan #13. The map also details the intragranular
misorientation developed after a plane strain deformation of 0.39 (see Fig. 4 PS). The thick red lines depict the analyzed GBs and the dotted and dashed
lines indicate the side of interest. (b) The average local misorientation profile in a 5 pm thick GB zone over 0.2 pm wide bins for different GBs (I-IV). A
distance equal to zero corresponds to the GB position. Values of the parameters A and § used to characterize the misorientation gradients near the GB
are shown in plot GB I. (¢) Misorientation profiles, point-to-point and point-to-GB, along two different paths perpendicular to each analyzed GB line

[black dotted and dashed lines in (a)].
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extend over A widths greater than
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which means that A is decreasing faster
than D or D is larger, was also
observed (see the right-hand side of
Fig. 7 for A/D > 0.2). Observing the
previous histograms, it is clear that
after a particular distance the prob-

A [um]

Figure 7

Distribution of effective thickness A (left) and A/D (right) for all admissible GB profiles based on the

average of local misorientations.

developed microstructure’s complexity. It is clear that the
results of this analysis must be interpreted only as a first
approximation of a complex phenomenon. Two other issues
arise from this analysis: firstly, GB profiles that do not fulfill
the R* > 0.75 condition (Fig. 6b, case of GB II); and secondly,
the behavior of the misorientation profile at distances greater
than X in those GB zones where a linear gradient is observed
(Fig. 6b, case of GB I). A segment of the misorientation profile
will be assumed flat if the maximum deviation from the
average value does not exceed a threshold of 0.05°. The
segment has a length [\, 5 pm], where A can be as small as the
0.5 um bin width, and thus these segments exhibit an almost
constant crystal orientation over a distance A from the grain
boundary (Fig. 6b, case of GB III). The fraction of orientation
profiles that fulfilled this flatness condition varied with
deformation state: for the as-received, uniaxial, plane strain
and biaxial specimens, 32, 11, 15 and 3%, respectively. As
deformation increases, flat misorientation profiles at the grain
interiors are less frequent, which is consistent with the quali-
tative information provided by the inverse pole figures shown
in Fig. 2 and the image quality maps included in the supple-
mentary material (Fig. S1).

The histograms in Fig. 7 summarize the A parameter
distributions obtained from all admissible (R*>0.75) GB
zones. Allain-Bonasso et al. (2012) demonstrated that A/D
rather than A is approximately constant. Examining the
distributions of the A parameter and the magnitudes of the
scaled value A/D (D is the grain diameter) in our measure-
ments, we found that the assumptions of constant A or A/D are
not valid for describing the local gradients developed near

05 ability of finding a GBZ with A greater
than a certain value falls abruptly. The
latter is defined as the boundary
effective thickness (BET). This, in
turn, can be seen as an alternative to
the grain boundary affected zone
concept introduced by Gurao & Suwas
(2013). In order to quantify the BET wvalue, a bi-linear
procedure was used (dashed lines in Fig. 7, on the left-hand
side). The resulting BET values are 1.9, 1.9, 1.6 and 1.5 pm for
the AR, UAT, PS and EBA conditions, respectively. These
BET values indicate the existence of an effective GB thick-
ness.

In order to assess a possible influence of grain size on the
development of the near-GB orientation gradients, the data
were split into two categories, based on a grain diameter
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Distribution of effective thickness A (top) and A/D (bottom) for all
admissible GB profiles based on the average of local misorientations after
UAT. Striped and solid bars representing grains with an apparent
diameter greater than and less than 15 pm, respectively, identify the
fraction of GB profiles with a given value of A or A/D. The lack of cases
for values of A/D less than 0.04 is due to the presence of a gap of 0.5 um in
the definition of A. The solid line in the bottom graph indicates the
difference between the two populations in terms of fraction of counts per
bin.

J. Appl. Cryst. (2017). 50, 1179-1191

J. W. Signorelli et al. -

1187

EBSD study of orientation gradients at grain boundaries



research papers

threshold D* of 15 um (see the grain-size distribution histo-
grams on the right-hand side of Table 2). In other words, the
counts that contribute to each bin of A and A/D histograms
have been split into two populations corresponding to grains
with D < D* and D > D*. Both populations showed a similar
distribution of counts in terms of A, but not with respect to A/
D. Fig. 8 shows these two populations for the case of UAT. The
difference between the bin frequencies of the two A/D popu-
lations is clearly seen in the bottom graph of Fig. 8. All
deformation states, including AR, exhibited similar trends and
these results are plotted in the supplementary material
(Fig. S5). These histograms show that there are no significant
differences that result from variations in grain size.

Fig. 9(a) complements these results. It shows the histograms
corresponding to the values of misorientation g extra-
polated from parameters A and S, obtained from all admissible
GBZ profiles, at the GB (i.e. the intercept of the line, which
characterizes the misorientation gradient, at the GB; see
Fig. 6b case I). As deformation increases, the orientation
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(a) Distribution of the extrapolated misorientation at GBs for the set of
GBZs that show a linear near-GB misorientation profile. Histograms take
into account all measured EBSD maps for each loading condition. (b)
Correlation between the peak of the distribution, GAS, and the measured
equivalent plastic strain.

gradients (and thus 05 values) rise as well. Fig. 9(b) shows
that the 6 value at which the distribution peak occurs could
also be used as a gauge of the strain. We will use this value to
characterize the intensity or severity of the gradient in the
GBZ, calling it gradient average severity (GAS). These two
new EBSD-based parameters, BET and GAS, should be
considered together and seen as a first statistical approxima-
tion describing the orientation gradients in the GBZ.

3.3. Comparison of orientation gradients between GBZ and
grain-core zone

In order to quantify the development of local crystal
orientation gradients, all pixel orientations associated with a
given deformation state (i.e. AR, UAT, PS or EBA) were
classified as belonging to a grain boundary zone or belonging
to a core zone. Two alternatives can then be used, as illustrated
in Fig. 10(a): either the X; value is calculated for each GBZ or
an effective thickness is defined for all GBs. Each reliable
pixel orientation determined by EBSD is assigned to the
nearest grain boundary. If the distance from the pixel to the
nearest boundary is shorter than a specified thickness, the
pixel is considered to belong to the GBZ. If not, it is

Effective
boundary zone

Admissible
boundary zone

Core zone

(@)

0.04
UAT (all scans)
core zone
0.03 boundary zone (1.9um)

......... admissible GBZ

frequency

10 11 12 13 14 15

G, [deg./um]
(b)

Figure 10

(a) Definition of GBZs and core zones. (b) Example of the distribution of
the local gradient of crystal orientations in core and grain boundary zones
of all of a sample’s grains.
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Table 3
Most frequent values of the distribution of the local gradient of crystal
orientation (° pum™"), associated with the core and grain boundary zones.

AR UAT PS EBA
GB zone 0.20 1.15 0.95 2.35
Core zone 0.20 0.80 0.75 2.35

considered to be a core-zone point. The analysis is made for
each grain. If a grain does not have an admissible GBZ, for the
purpose of defining the distribution of local gradients of
crystal orientations, all pixels are considered to belong to the
core.

Fig. 10(b) illustrates the distributions of the local gradient of
crystal orientation in the grains for both the admissible or the
effective grain boundary zone and grain-core zones obtained
from all uniaxial-tension EBSD scans. Negligible differences
were found between the two definitions of a GBZ (Fig. 10a),
and only a few grains did not have an admissible GBZ. This
result makes clear the acceptability of using the effective
boundary zone approximation in order to account for the
differences between the GB and core zones, at least from a
statistical view point.

For the case of an effective boundary zone, a BET value of
1.9 pm was assumed (this is consistent with the results plotted
in Fig. 7). All G distributions show a single peak with a
maximum value that depends on the material state and on the
type of zone considered (values of Gy are given in Table 3 for
the AR state and for all three loading conditions). For the
UAT case, the most frequent of the Gy values in the GB zones
(1.15° pm ™) exceeds the value obtained from the core zones
(0.80° um™'). Moreover, the GB zones yield a greater
proportion of high G values, when compared to the corre-
sponding core zones [see the dashed box in Fig. 10(b)]. The
positive difference between these values quantifies the
preferential development of the local crystal orientation
gradient near the grain boundaries. After taking a linear fit of
these values (Table 3), the results can be plotted versus the
equivalent deformation developed by each experiment in the
grain boundary and core zones. A fit of this representation by
linear regression gives &Y = 0.37f%®%" —0.026 and
g9 = 0.38f™ " _ ().022. These slopes are nearly the same as
that obtained previously from the average deformations
[equation (3a)]. In the AR case both distributions are similar;
that is compatible with the homogeneity observed in the
different EBSD maps (scans #1-6). On the other hand, as
mentioned previously, admissible GBZs are also present in the
AR condition, but with a low GAS of 0.4°. The fact that the
distributions are similar means that localization of the local
gradient of crystal orientations has not developed sufficiently
to make a notable difference with the local gradient obtained
in the core zone. The plane strain results are very similar to
uniaxial tension, while after equal-biaxial deformation the
most frequent values of G are the same in both types of
zones. This lack of difference is consistent with a more
homogenous development of the microstructure at an accu-
mulated strain of ~0.8, where the internal microstructure can

be thought complex enough to make the distinction between
GB and core zones unnecessary in terms of distribution
features (see Fig. 3 and supplementary Fig. S1).

In addition, it was verified that, by restricting the calculation
of the average value of G over the admissible GBZs (not
shown in the paper), these values are in complete agreement
with the slope and correlation coefficients obtained from data
averaged over all pixel orientations in Fig. 3.

The influence of slip transfer on the development of crystal
orientation gradients between contiguous GB zones was also
analyzed (Fig. 11). The geometry of the slip transfer across a
GB is usually characterized by two angles, ¢ and &, the angles
between slip-plane normals or slip directions, respectively, of
two slip systems on either side of a boundary. The symbols in
Fig. 11 are related to the value of the factor m = cos(p) cos(§),
evaluated using the mean orientation over each GB zone and
assuming that plastic deformation occurs by 24 slip systems of
the types {110}(111) and {112}(111). The values of m are
between cos*(10°) and 1, between cos*(15°) and cos*(10°), and
less than cos®(15°). The star symbol in each plot corresponds
to the GB with the highest degree of coplanarity of slip
systems (i.e. m close to 1). In the deformed samples, these
particular GBs developed similar orientation gradients on
both sides. It is clear from Fig. 11 that the local gradients
averaged over contiguous GB zones (Ggg) do not correlate in
a meaningful way with the m factor. However, with respect to
the most favorable case measured for each loading condition,
both contiguous GB zones gave a magnitude roughly equal to

AR (scans # 1-6)
o m: [1-0.970] 7
o m:[0.970-0.933] .~
m: [0.933-0]
3] a? K :_
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Figure 11

Correlation of the average local gradient of crystal orientations on both
sides of the GB with the geometry of the slip transfer for conditions
described by the m factor: as received, uniaxial tension (¢ > 0.44), plane
strain (£ >~ 0.39) and equibiaxial stretching (¢ >~ 0.80). Assumed BET
values are 1.9, 1.9, 1.6 and 1.5 pm for AR, UAT, PS and EBA conditions,
respectively.
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Ggg. Consequently, in our application, which involves large
strain, the m value cannot be used as a key factor to char-
acterize the localization of misorientations near the GB.
Nevertheless, it is interesting to note that the distribution
cloud showed sensitivity to the applied deformation and
loading condition. If the analysis is restricted to an admissible
GBZ (i.e. the GBZs on both sides of the GB are admissible),
no qualitative difference is observed from that shown in
Fig. 11. The number of contiguous GBZs that did not fulfill
this more restrictive condition was between 30 and 40% of the
analyzed GBs.

Finally, numerical results based on grain-scale crystal-plas-
ticity models account for the presence of sharp strain gradients
close to the GB (Bieler et al., 2009; Pouillier et al., 2012). In this
sense, the incorporation of this type of analysis within the
framework of a crystal-plasticity model might facilitate the
understanding of the influence of grain boundaries in the
formation, extension and strength of the observed intra-
granular and near-GB orientation gradients.

4. Conclusions

In the present paper, the plastic strain heterogeneity inside
highly deformed grains and orientation gradients near grain
boundaries have been analyzed and quantified through para-
meters derived from EBSD data. The analysis was performed
on data from an AKDQ steel sheet deformed in uniaxial
tension, plane strain and balanced-biaxial stretching. In all
cases, EBSD mapping was performed in areas close to the
necking zone.

The following conclusions can be drawn from these
experiments and the EBSD measurements.

(1) The average of the local gradient of crystal orientations
GL ave and the KAM average can be used as macroscopic
strain gauges, even when considering different loading paths.
The calculated Gp ... and KAM average, in the AKDQ
samples, show a linear correlation with the measured accu-
mulated macroscopic strain, over the analyzed deformation
range. However, neither of the linear fit equations are suitable
for measuring the grain-average strain.

(2) It was found that about half of the evaluated GB zones,
in all tested samples, have a local misorientation profile that
can be considered linear. The analysis of misorientation
profiles in the GBZs allowed the introduction of two new
EBSD-based parameters, the BET (boundary effective
thickness) and the GAS (gradient average severity), which are
suitable for quantifying orientation gradients in the grain
boundary zone. The GAS also correlates well with the
macroscopic strain. The BET parameter has a value in the
range of 1.5-2 um, and it can be considered as a first
approximation for quantifying the distance over which the
grain boundary exerts influence for the AKDQ steel sheet.

(3) No simple correlation can be established between the
averages of local gradients of crystal orientations over GB
zones and the efficiency of the slip transfer between contig-
uous zones. Moreover, the observed dispersions of the average

local misorientation in the GB zones are different for each
loading condition. However, a high value of the factor m, close
to 1, seems sufficient to have similar values of Ggg on both
sides of the GB.
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