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Conventional HR-EBSD is attracting much interest due to its ability of measuring relative crystal misori-
entations and microstresses with great accuracy. However, this technique needs the use of simulated pat-
terns in order to get absolute values of crystal orientation and stresses and thus expand its use to inter-
granular analyses. Simulation-based approaches have shown many limitations due to the poor correlation
with the real patterns specially when Bragg simulations are considered. This paper presents an improved
algorithm based on gradient-based correlation techniques that makes simulation-based HR-EBSD possible.
Based on this new algorithm, a new pattern center calibration procedure is proposed and validated. Also,
a new hybrid procedure that combines simulation-based HR-EBSD with conventional HR-EBSD is pre-
sented that enables an absolute determination of both orientations and stresses with improved accuracy.
The hybrid HR-EBSD is used to analyze the martensitic transformation induced by plastic deformation in

an as-quenched Ti-12wt.%Mo alloy.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Hough-based algorithms have been traditionally used to index
Kikuchi patterns in conventional EBSD [1,2]. This method is in-
deed very easy to implement, fast and its resolution is about a few
tenths of a degree.

With the continuous increase of computing power, more ac-
curate and sophisticated digital image processing techniques have
been recently adapted to EBSD indexing [3-8]. Wilkinson et al.
[3-6] have shown that an important increase in angular resolu-
tion can be obtained if digital image correlation (DIC) techniques
are employed. These correlation techniques can detect image shifts
with subpixel resolution leading to an orientation resolution of
about 10~4 radians. Such a huge improvement in the angular res-
olution also allows the detection of small lattice distortions due to
elastic strains with similar resolution.

However, the so called HR-EBSD technique, since it is basically
a DIC technique, needs a reference Kikuchi pattern from which
all the misorientations and elastic strains will be derived. As a
consequence, only relative measurements can be obtained since
a specific real EBSD pattern is considered as the reference pat-
tern. Moreover, if misorientation angle with respect to the refer-
ence pattern becomes too large (about some degrees), the patterns
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differ too much to be analyzed directly by a DIC technique. Mau-
rice et al. and Britton et al. have tried to extend the use of rela-
tive HR-EBSD to higher misorientations using a finite deformation
framework [9] or by remapping techniques [10] with good results
up to misorientations of the order of 10°. However, relative HR-
EBSD is still limited to intragranular misorientations and micros-
trains.

As an alternative to the aforementioned technique, Villert [11],
Kacher et al. [12,13] and Fullwood et al. [14] used simulated kine-
matic patterns as reference patterns and compared them to real
patterns through DIC techniques to solve in an iterative way the
absolute orientation and absolute stress state of the crystal. How-
ever, this simulation based HR-EBSD technique also presents some
limitations carefully addressed by Britton et al. [15]. They can be
summarized as follows: (1) Optical aberrations in the compact
lenses used for pattern capture can result in artificial image shifts
between experimental and simulated EBSP; (2) The use of a kine-
matic simulation can result in errors in the measured shifts, par-
ticularly at zone axis and high structure factor bands, due to large
intensity variations whereas dynamical models are computation-
ally demanding; (3) An accurate measurement of the experimental
geometry (pattern center location) must be known to avoid arti-
facts in the stress state and misorientations (phantom stresses).

In the present paper, we present three significant advances with
respect to the state-of-the-art simulation-based HR-EBSD proce-
dure, solving some of the aforementioned problems. Firstly, we


http://dx.doi.org/10.1016/j.ultramic.2017.06.015
http://www.ScienceDirect.com
http://www.elsevier.com/locate/ultramic
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ultramic.2017.06.015&domain=pdf
mailto:jalkorta@ceit.es
http://dx.doi.org/10.1016/j.ultramic.2017.06.015

18 J. Alkorta et al./Ultramicroscopy 182 (2017) 17-27

propose a DIC technique based on image gradients (GB-DIC) that
improves the cross-correlation procedure in simulation-based HR-
EBSD. Secondly, and based on the above GB-DIC technique, we pro-
pose a new pattern center (PC) calibration procedure with min-
imum stress-related assumptions. Thirdly, we propose a hybrid
algorithm (combining the improved simulation-based and real-
pattern based HR-EBSD) to extend the use of HR-EBSD to absolute
measurement of orientations and elastic strains both in intragran-
ular or intergranular scenarios.

2. Gradient-based DIC for simulation-based HR-EBSD

As commented above, Bragg (kinematic) simulations allow the
construction of EBSPs in a computationally efficient way. However,
the overall intensities, especially in the neighborhood of a zone
axis, are far from the actual intensities of real EBSPs. Dynami-
cal simulations, albeit more accurate, require long computational
times (each pattern may take about an hour to be generated on a
modern desktop computer [16]).

The algorithm proposed here is similar to the approach of
Villert et al. [11]. It is based on the Bragg condition used to de-
termine band locations, together with a modified band profile to
emulate excess and deficiency lines. Thus, the intensity of the sim-
ulated EBSP is given by the additive contribution of each diffract-
ing plane according to its structure factor, weighted in a very sim-
plistic way by the following criterion: the intensity of the pixel is
weighted by 0.8 if it lies within sinfp < sinf < 1.2sinfp and by
1.2 if it lies within 0.8sinfp < sinf < sinfp (where 6 is the an-
gle to the corresponding crystal plane and 6y is the Bragg angle).
This modified Bragg model is of course still insufficient to simulate
with high accuracy the intensities of an EBSP. In order to improve
the fitting quality, a new GB-DIC procedure is proposed, different
from the conventional DIC procedure. GB-DIC algorithm is based
on the approach suggested by Tzimiropoulos et al. [17]. From an
EBSP image, a new image (gradient image) is created based on the
intensity gradients in the following form:

al(x, 0l(x,
Gx,y) = (gxy)—kz (g;(yy)

where I(x, y) is the intensity of the EBSP image (either experimen-
tal or simulated) and i is the imaginary unit (see Fig. 1). The cross-
correlation image can be obtained from the Fourier transform of
the gradient image of a real (G,.q) and a simulated (Gq;py,) EBSP as
follows:

Cij = F~" (Great Gimu) (2)

simu

(1)

where F~1 is the inverse Fourier transform and C;l.mu is the com-

plex conjugate of Gg;p,. The peak position in Cjj corresponds to the
image shift between the two images. According to Tzimiropoulos
et al., this kind of transformation brings a more robust and accu-
rate estimation of image translations, rotations and scale changes
between images. Moreover, this image transformation leads to a
pair of complex images where the Kikuchi lines are visibly high-
lighted and the overall background intensities are flattened. As a
consequence, the quality of the fitting (peak height to background
ratio in the FFT correlation image) is largely increased as shown
in Fig. 2. A more robust fitting of kinematically simulated EBSPs is
then possible.

The approach is, in principle, also suitable for comparing two
experimental patterns. However, the main objective of this ap-
proach is to highlight the Kikuchi band edges in order to decrease
the relevance of the intensity of the bands in the cross-correlation
procedure. This is important when comparing simulated vs experi-
mental patterns but probably less important when comparing two
experimental patterns.

Image filtering has been shown to be critical for an accurate
HR EBSD procedure. Wilkinson et al. [4] studied different filtering
parameters and finally applied a Hamming-like window in order
to prevent aliasing problems and a low-pass filter in the frequency
domain to remove noise. In this case, with the aim of highlighting
the benefits of the gradient-based procedure, no windowing was
considered and only a low-pass filter was applied (equivalent to
the one proposed by Wilkinson et al. [4]) with a double objective:
first, remove the residual noise from the EBSP image; and second,
to smooth down the edges of the Kikuchi bands in the simulated
pattern.

Peak position was determined with subpixel accuracy by apply-
ing a 2D gaussian fitting to the points within a radius of 2.5 pixels
around the maximum.

In order to extract the deformation gradient that relates the real
and simulated EBSPs, both images are divided into 32 uniformly
distributed regions of interest (ROIs) with size 256 x 256 pixels.
The shift between every pair of ROIs is calculated from the GB-DIC
procedure described above. The deformation gradients (with the
limitations commented below) that relate both crystals can then
be accurately measured.

3. New procedure of calibration of the pattern center

Traditionally, PC location has been calibrated by different meth-
ods including feature mirror symmetry methods, screen movement
methods or shadow casting methods [18,19]. However, the typical
resolution of these methods was of the order of 0.5% of the camera
width. With the advent of HR-EBSD this resolution has been shown
to be inadequate [15,20] (as it will be demonstrated below) and
new PC calibration procedures have been developed. Maurice et al
[21], for example, tried to improve the resolution of screen move-
ment methods by cross-correlation techniques but the mechanical
insertion/retraction and geometric uncertainties limit its applica-
tion. Mingard et al. [22] also extended the use of shadow casting
techniques with relevant results. Finally, Basinger et al. [23] us-
ing an EBSP spherical remapping technique and simulated patterns
and reached a resolution of 0.045% in a Ni polycrystal limited by
the uncertainty in the exact crystal orientation. In this paper we
present a novel method (based on the method proposed by Kacher
et al. [13]) with improved resolution that adapts the simulation-
based HR-EBSD using GB-DIC procedures to the problem of PC cali-
bration with minimum assumptions on the stress state of the crys-
tal.

3.1. Projective transformation in EBSD

As commented above, an inaccurate calibration of the location
of the pattern center (PC) may lead to phantom stresses in HR-
EBSD, especially when considering a simulation-based approach.
Fortunately, the exact phantom elastic strains derived from errors
in the location of the pattern center can be analytically calculated
[20]. The projective transformation associated to an EBSD mea-
surement thus implies that any point (XP,XD) in the 2D EBSP is
uniquely associated to a 3D crystal direction (defined in the refer-
ence frame of the detector) as follows:

(XP.XP) = Po(ur. . u3) = (50, 22D) (3)
us us
or, using Einstein’s notation:
xP=Yp. ieq1, 2 (4)
us

where Pp is the projective transformation, D is the distance be-
tween the detector and the sample, and u; are the coordinates of
the crystal direction. If the source (sample) location is moved along
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(f)

Fig. 1. EBSP image (a) and the corresponding fitted EBSP simulation (d) of the beta phase of the Ti-12wt.%Mo alloy. (b), (e) and (c), (f) correspond to the x and y image

gradients of, respectively, real and simulated EBSPs.

Fig. 2. Above, correlation image (left) between real and simulated patterns in
Fig. 1 and a detail of the intensity profile around the maximum (right) using the
direct correlation procedure. Below, idem using a gradient-based approach.

a certain direction by (A4, Ay, A3), the new corresponding point
on the EBSD pattern will be:

TA[x,.D]=xp(1+%)+A,»; ie{l,2) (5)

i.e., the EBSD pattern will be expanded/contracted by a factor of
1+ A3/D and then shifted by (A1, Aj).

On the other hand, if a certain distortion (defined as 4; = E;u;)
is applied on the crystal, the new corresponding point in the de-

tector’s plane will be:

i: E.u;
Yip_SY%p . jeq1,2): jke{l, 2 3) (6)

XD — =
Buy

U ==
us
Combining (4) and (6), we obtain:
XD EXP+FsD
i ] . .
L =— — ; ijke{l, 2 7
D EiXP +FsD ! .2} 2

or, in the case of small strain approximation (F;=3d;;+

U,‘j; with Uij << 1):

XP = (1= Us3)XP + UyXP + UsD — Uy XPXP 1. ke {1, 2} (8)
It is straightforward to see that in the case of hydrostatic lat-

tice distortions F;j = (1 + Upyq)d;j, the EBSD pattern remains invari-

ant (XP = XP) (at least with respect to the location of the Kikuchi

band centers). On the other hand, if we consider only non-trivial
F;3 components, i.e.:

1 0 Fs

F=(0 1 B3 (9)
0 0 K3

then,

- 1 )

XP = E[XIP +FsD]; ie{l, 2} (10)

i.e., the EBSD pattern will be shifted in the plane by (Fi3D, Fy3D)
and then expanded/contracted by a factor of 1/Fs5. It is a similar
effect as a source (sample) shift.

Therefore, if we combine a Fj3-type distortion with a simulta-
neous sample shift A;, we get:

- 1+ As/D .
TA[XP]:+F3—3/[X{J+E3D]+A,-; ie{l,2) (11)
We can construct the following combinations of distortions and

sample shifts that maintain the EBSD pattern invariant:

Ay = —F3D
Ay = —F3D (12)
Az = (B3 -1)D
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Fig. 3. Schematic description of the PC calibration procedure.

It should be emphasized that this analysis deals with the posi-
tion of the Kikuchi band centers while any crystal distortion (Fj)
has also a true (but negligible) second order effect on the width
of the Kikuchi bands. For example, elastic strains will change the
interplanar distance by a factor of the order of the applied strain
¢ that will induce shifts in the Kikuchi lines of the order of D e,
which is about 8y times (~one order of magnitude) smaller than
their effect on the band center location.

In summary, the problem of extracting the 12 ° of freedom (the
9 F; components together with the 3 components of the PC loca-
tion derived fromA;) through the analysis of a single EBSD pattern
is ill-conditioned so that 4 further assumptions have to be made.

3.2. New calibration procedure

The aforementioned analysis showed that only 4 assumptions
are required in order to solve the whole problem. Three of them
can be set assuming that the out-of-plane stress components (o ;3)
in the sample reference frame have to be null (free surface as-
sumption). The determination of the last degree of freedom related
to the hydrostatic stress in the sample (o1 + 0y, since o33 =0)
will bring to the complete determination of the location of the PC
as well as of the whole deformation gradient. Note however that,
as EBSD measurement involves an effective interaction volume (it
is not strictly a surface measurement), the free surface assump-
tion is not generally valid if strong stress gradients are expected
beneath the surface.

It is worth noting that while F; components (orientations and
microstrains) are supposed to strongly vary from point-to-point
(especially in polycrystalline materials), the source position is prac-
tically static (apart from a slight shift due the electron beam shift
and inclination of the sample that can be easily estimated). As a

consequence, if reasonable assumptions can be made about the
overall mean biaxial stress state (011 + 03;) (for example by mea-
suring the macroscopic mean surface stress through other alterna-
tive techniques such as X-ray diffraction),A; can be fixed in such a
way that the mean stresses measured at the different sample crys-
tallites fit the required macroscopic biaxial stress state.

The aforementioned limitations make simulation-based HREBSD
only suitable for low to moderately strained crystals, where free
surface assumption can be fulfilled and a reasonable assumption
can be made for the biaxial stress state.

In the present work two different materials have been consid-
ered to validate the proposed techniques. In the case of Si single
crystal, the lattice is expected to be relaxed. In the case of the Ti-
12wt.% Mo alloy, the sample has been slightly strained in tension
up to a plastic strain of about 2%. Thus, a reasonable guess for both
cases is that the mean surface biaxial stress is null (o7 + 093 = 0)
in the interior of the grains.

A novel procedure for PC calibration is thus proposed as de-
scribed below (see Fig. 3).

(1) Select a set of sample points from which an average PC lo-
cation will be calculated.

(2) For a given sample point, both the PC location and an ap-
proximated crystal orientation are obtained through the con-
ventional Hough algorithm.

(3) A kinematic EBSD pattern is simulated for the PC location
and crystal orientations of step 1.

(4) The strain gradient tensor in the detector’s coordinate sys-
tem is calculated with the HR-EBSD procedure.

(5) Considering the relationship between PC location errors and
phantom F; components in the detector’s reference system
(Eq. (12)), the set of (A1, Ay, A3) that fulfills the 4 con-
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Fig. 4. Kikuchi pattern of each of the considered orientations for the Si single crystal.
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Fig. 5. Based on the procedure of calibration of the PC described in Fig. 3, reconstruction of the sample plane as calculated from the PCx, PCy and PCz (DD) values of
the 10 x 10 scan: (a) using gradient-based approach of kinematic simulations; (b) using simple kinematic simulations; (c) using the standard procedure for PC calibration.

(Orientation #2).

straints (free surface approach+null hydrostatic pressure) at
the sample’s coordinate system are calculated. The corre-
sponding deformation gradient tensor is also calculated.
(6) The new PC location is set from the initial estimation and
the calculated(Aq, Ay, A3).
(7) The new simulated EBSD pattern is constructed for the new
PC location and the deformation gradient obtained in step 4.
(8) Steps 4-7 are repeated iteratively until the correction in PC
location is below a given threshold.
(9) Proceed with the next sample point (repetition of steps 2-
8).
(10) Calculate the average PC location after correcting the possi-
ble beam shifts between sample points.

3.3. Validation

The above procedure of calibration of the PC (excluding step 10)
was validated for a (100) Si single crystal mounted in a FEG-SEM
JEOL JMS 7100F equipped with a NORDLYS II camera. 10 x 10 EBSPs
were acquired covering 135 x 135 um?2 with a step size of 15 um
for 6 different crystal orientations. The sample was rotated 15°
around the (100) axis between EBSD maps. The aim is to apply the
GB-DIC technique following the PC calibration procedure described

above in order to verify its robustness for different EBSD patterns.
The results were compared with the conventional simulation-based
approach (using Bragg simulations) and with the standard PC cal-
ibration procedure. As the standard PC calibration in the commer-
cial software is done manually, we have calculated the 10 x 10 PC
values only for crystal orientation #2. Fig. 4 shows a Kikuchi pat-
tern of each of the considered orientations.

Fig. 5 shows the calculated values of PCx, PCy and PCz (or DD)
over one of the 10 x 10 scan. The results show that the proposed
procedure (using the gradient-based approach) is able to capture
the PC shifts during the electron beam scan. All the PC values
were fitted to a rectangular planar grid (the fitted spacing responds
to the following correspondance: 0.0456 pixels per micron). The
calculated normal axes for each crystal orientation are shown in
Table 1; as expected, it varies only slightly from scan to scan since
the sample rotation axis is virtually parallel to the grid plane nor-
mal. In all the cases the inclination angle of the fitted plane is very
close to the nominal sample inclination (70°). Moreover, the devi-
ation of the PC values from the fitted rectangular grid (Fig. 6) are
in all cases (for all the 6 different crystal orientations and the 3 PC
components) very small with an outstanding standard deviation of
the order of 0.1 pixels (less than 0.01% of the screen width).
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Table 1

Components of the normal to the fitted plane using the gradient-

based approach. Corresponding inclination angle.
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It is worth noting that simulation-based HREBSD has an inher-
ent source of error due to the uncertainty in the sample surface
orientation. This uncertainty involves an error in the sample tilt

and the sample to detector orientation relationship. However, the

Crystal ny n; ns Inclination (°) h . g
- - effect on the calculated stress state or PC calibration is usually neg-
Orientation #1 0.015 —-0346  0.938 69.8 ligible. Gi . h h . in th le til
Orientation #2  —0001 0331 0944 707 ligible. Given an scenario where the uncertainty in the sample tilt
Orientation #3 0.006 -0295 0956 728 is of the order of 6§ =0.05rad (~3°) and the crystal is strongly
Orientation #4 0012 0306 0952 722 elastically strained &;; =5-1073, the effect of this uncertainty in
Orientation #5  ~0.015  -0308 0951 721 the stress state would be of the order of Ag;; ~ g;;sinf ~ 2. 104,
Orientation #6 0027 —0.311 0950  71.9 around the resolution of the simulation-based HREBSD procedure.
(a)
stdev = 0.0985 pixels stdev = 0.111 pixels stdev = 0.0569 pixels
0.5 0.5 0.5
o
O Xtal1
x . O Xtal2
o e Xtal 3
4 4 O Xtal4
O Xtal5
O Xtal 6
0.5 0.5 0.5
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
EBSD Data point EBSD Data point EBSD Data point
stdev = 5.28 pixels stdev = 7.39 pixels stdev = 1.18 pixels
50 50 50
O Xtal1
% O Xtal2
Q Xtal 3
< O Xtal4
O Xtal5
O Xtal6
-50 -50 -50
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
EBSD Data point EBSD Data point EBSD Data point
(c)
5 stdev. = 2.26 pixels 5 stdev. = 2.31 pixels stdev. = 1.09 pixels
o o
(eXe} o o) o S
@ o) o o] q Q o
O 00 o O~ o o o
{— _@02 —-— =) — — -— — — %— O%r O o o
o © O o o © "o 8o, © o % ° o
® @ © o @ fole o q — O O — —
o ® o 5° . O P8 00D O o' o @, @, 0
oo W@ o o @ L 0ro © § % "o ¢ § O[04 ey @U@ | O xtal2
PO oo o O e 900% O o 80 o () — @@@ —©1:(O ) w—
© o © o 00808 © o 00 Qop
Ol Qoo o Q © ®
—) — F ) — O_ — — — — H)
0 o o
o) (@5) IoYe) (0] o O
o) o o o 8
o o)
-5 5 -5
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100

EBSD Data point

EBSD Data point

EBSD Data point

Fig. 6. Based on the PCx, PCy and PCz values obtained from the PC calibration, deviation from fitted grid (in pixels) of each of 10 x 10 sample points for each of the analyzed
crystal orientations. (a) using gradient-based approach (b) using direct approach (no gradient), (c) using the standard procedure for PC calibration (only for crystal orientation
#2). Note that different scales are used.
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Fig. 8. Independent elastic strain components for each of 10 x 10 sample points for each of the 6 crystal orientations as calculated using gradient-based approach (a) and

direct approach (b) note that different scales are used.

On the other hand, the calculated Fj; deformation gradient was
decomposed in order to extract the crystal orientation and the
elastic strain tensor. Fig. 7 shows the misorientation angle of each
of the EBSD scan points with respect to the mean crystal orienta-
tion. Again, the average misorientation within every EBSD map is
very small (~2 x 10~%rad) in spite of using kinematical Bragg al-
gorithm to construct the simulated EBSPs.

In addition, Fig. 8 shows the elastic strain components for ev-
ery EBSD scan point. Although some of the coefficients have been
constrained due to the assumptions made, the “free” coefficients
are still very low (of the order of ~1-2 x 10~%), well correspond-
ing to a stress-free single crystal and confirming the absence of any
phantom stresses due to errors in the PC location.

These results are very accurate especially when compared to
the conventional DIC techniques, which present three main impor-

tant limitations unsuitable for accurate HR-EBSD. Firstly, it often
leads to unstable results (converging to different solutions for a
given crystal orientation, see Fig. 7(b)). Secondly, the repeatability
of the results is much poorer than in the gradient-based approach,
even in the case of a given stable solution. For instance, the stan-
dard deviation of PC location values from the fitted plane is much
higher than that for the gradient-based approach (see Fig. 6(b)).
Finally, the poor direct fitting ability of simple Bragg simulations
induces inaccurate solutions as a result of the aforementioned lim-
itations. This is clearly observed in Fig. 8(b), where the calculated
¢jj elastic strain components are presented. The converged solu-
tion, although rather repetitive for a given crystal orientation, is
incompatible with the stress-free Si single crystal. This means that
the solution reached by the conventional simulation-based algo-
rithm is inaccurate.
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4. HR-EBSD hybrid model
4.1. Fundamentals

Even if the improvement of the simulation-based algorithm is
impressive, it is still not comparable with the accuracy of HR-EBSD
algorithms using real EBSD patterns. However, as commented in
the introduction, real pattern HR-EBSD algorithms can only mea-
sure the relative deformation gradient tensor with respect to a ref-
erence sample point.

A new HR procedure is thus needed to measure the F; defor-
mation gradient tensor of polycrystalline samples in an absolute
manner. The new hybrid procedure combines the best characteris-
tics of both strategies in a three step procedure:

(1) The above PC calibration procedure is performed at the in-
terior points of different crystals (where elastic strains are
usually lower). Note that due to the assumptions required
for this procedure, slightly different PC values might be ex-
pected from different crystals specially in highly strained
crystals. Thus, in order to minimize the error in the PC cali-
bration, the average value of all the PC locations obtained at
many different grains is considered. In this process, PC shifts
due to the different scan positions are taken into account
and substracted from the PC calibration procedure.

(2) Once PC location is calibrated, a set of points (5-10 points)
are selected in the interior of every grain. Again, interior
points are preferred since they usually present better EBSP
quality and lower elastic strain levels. At each point of
the set, simulation-based HR-EBSD is performed (using the
gradient-based approach) in order to obtain the absolute
stress state and misorientation of each point. Again, as the
problem is still ill-conditioned due to the hydrostatic stress
component further assumptions have to be made (o33 = 0).
Parallelly, the conventional HR-EBSD procedure is performed
for each pair of points of the set in order to get in a very
accurate manner the relative stress differences and misori-
entations within each set of points. The information derived
from simulation-based approach and the conventional ap-
proach is crossed to get an accurate value of the absolute
stress state and orientation.

Finally, the conventional HR-EBSD procedure is used to cal-

culate the relative misorientation and stress state for the rest

of points in the grain.

—
w
—

The procedure is explained in detail in Fig. 9 and involves the
following steps:

(1) In each grain in the EBSD map (analysed using conventional
Hough transform algorithms), a set of nO grain points are
selected. The first one will be considered as the reference
point within the grain.

(2) For each of the selected grain points (point k), the deforma-
tion gradient tensor is computed in two different ways:

(a) AFI.?”“’: Relative to the reference (1st) point, following
a conventional HR procedure of real EBSD patterns (simi-
lar to Wilkinson’s approach [3]). In this work, an iterative
algorithm is considered, using the image transformation
tools of MATLAB®.

(b) Filj‘.'s’m“: In an absolute approach, following a gradient-
based procedure considering kinematically simulated EB-
SPs (similar to the one considered in the PC calibration
procedure but fixing the PC location calculated previ-
ously and assuming that o33 =0 to correct the hydro-
static pressure).

(3) Once AFI.’;”“' and Fiﬁ’Sim” are calculated for each of the nO
selected grain points, their average values are computed:

AF; and F;j, respectively.

It can be easily seen that the absolute deformation gradi-

ent tensor of the reference grain point (1st selected point)

can be easily recomputed as follows: F,} = [(ﬁfl -FJ;j. The

(4

~

use of an average I:}j (instead of a single measurement) ex-
tracted from simulation based HR-EBSD warrants a better
accuracy of the obtained solution. The average F‘l-j is calcu-
lated as follows: first, each Fx’f is decomposed by a RU po-

lar decomposition ; then, the average orientation R is cal-
culated in the quaternion representation and extracted from
the total deformation gradient to get the strain-related ten-
sor: Uk = RTRkU¥; finally, as the absolute values of 0}; com-
ponents are expected to be very small (they are purely re-
lated to the elastic strain state of each point), a simple arith-
metic average is performed so that: F=RU :R(n]—0 S 0%).
k

The same procedure is followed for AF;.

(5) The conventional HR procedure (comparing real EBSPs with
the reference EBSP of point 1) is applied to every point in
the selected grain to extract AFlf

(6) The absolute deformation gradient of each point is com-
puted from the result of steps 4 and 5: FI’]< = AF,.’J? Fl} = AFiZ? .
(AF)~1-Fy

(7) Once all the points in the grain have been analyzed, steps
1-6 are repeated for each grain in the EBSD map.

The proposed procedure assumes that the sample surface is to-
tally flat. If differential polishing induces excessive height changes
this will affect the strain measurements as can be deduced from
Eq. (8). As a rule of thumb, a change in height of the order of 10~4
times DD (typically some microns) will induce phantom strains of
the order of 10~4.

4.2. Application to strain-induced martensite lath in a metastable
B-Ti alloy

The novel approach described above has been used to analyze
the martensitic transformation induced by plastic deformation in
an as-quenched Ti-12wt.%Mo alloy [24].

Metastable B-Ti alloys attract more and more attention due to
their unique combination of properties such as excellent strength-
to-weight ratio and corrosion resistance [25]. Their wide range of
achievable properties are well adapted to specific use as aeronau-
tic and/or biomedical materials. Moreover, recent alloy-by-design
strategy brought new insight in the improvement of the strain-
hardening rate, which is frequently the weak point of B-Ti alloys
[24,26,27]. Owing to this strategy, new Ti grades were proposed ex-
hibiting simultaneously mechanical {332} < 113> twinning and «”
strain-induced martensitic (SIM) transformation [24,28]. This com-
bination of plastic deformation mechanisms leads to previously un-
reached strain-hardening rates for titanium alloys. However, the
contribution of each mechanism is still unclear, and is still under
investigations.

To illustrate the effectiveness of this new HR-EBSD approach, a
slightly plastically strained sample of a metastable 8 Ti-12wt.%Mo
sample has been investigated. The experimental procedure is de-
picted in [28]. The sample has been deformed up to € =0.02 and
then mounted in conductive resin for EBSD preparation. Mechani-
cal polishing with SiC papers followed by diamond polishing down
to 3um particles size has been performed. Final polishing with
H,0,-added colloidal suspension of oxide particles of 0.05um was
applied to reach the surface state needed for correct EBSD mea-
surements.
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Fig. 10. Misorientation angle maps with respect to the orientation of the reference
point highlighted in grey. (a) using the proposed HR procedure. (b) using the con-
ventional procedure by HKL Channel 5 software. Step size: 150 nm.

According to the literature [29], the orientation relationship
(OR) between the B-Ti and the martensitic phase («”) corresponds
to:

[001],.// [ﬁo]ﬁ
[110],,//[111],
(110)a,, // (112)/3

However, the accommodation of the different lattice structures
in the neighborhood of the S-a” strain-induced interfaces is, to the
best of our knowledge, still unknown. The novel hybrid HR-EBSD
approach introduced in this work, enabling the determination in
an absolute manner both the crystal orientation and the elastic
strain state, was applied both to identify the exact OR and to high-
light the accommodation around the interphases. The results were
also compared with the commercial EBSD analysis procedure (HKL
Channel 5 Flamenco v5.0.9.0).

(13)

Fig. 10 shows the misorientation angle with respect to a sam-
ple point (highlighted in white) in the interior of the B-Ti phase
containing a SIM «” lath. The misorientation angle in the interior
of the o” martensite has been calculated assuming the ideal OR
described in Eq. (13). The results show finer misorientation reso-
lution in the HR procedure as expected. Moreover, the HR results
show that the ideal OR is maintained in the interior of the two
phases whereas there is a misorientation of about 0.3-0.5° in the
neighborhood of the two boundaries.

One might deduce that as the misorientation is similar on both
sides of the boundaries, the OR is also maintained at these bound-
aries. However, thanks to the improved angular resolution it is pos-
sible resolve the misorientation axis with good accuracy. Thus, if
we consider the corresponding unit quaternion defined as:

Qx wy Sin (6/2)

- lay | _ | wysin(8/2)

=1 g |=|wsin@2) (14)
Qw cos (6/2)

where (wx, wy, @;) is the related rotation axis and 6 is the misori-
entation angle, we observe that the rotation axis at the two sides
of the interphase boundary present opposite signs, especially for
the upper grain boundary (left boundary in Fig. 11). This means
that OR is not maintained in the neighborhood of the interphase
boundary. Again, the results show that only with the improved res-
olution of the HR approach is possible to determine the misorien-
tation axis.

With regard to the elastic distortion, Fig. 12 shows the elastic
strain components (at the sample’s reference frame as a function
to the distance to the center of the «” martensitic lath. The re-
sults again show that stress components have opposite signs at
both sides of a given interphase boundary. The high levels of elastic
strains in «” martensitic lath may be due to two possible contribu-
tions: (1) Real elastic strains in the lattice; (2) A mismatch in the
input lattice parameters (orthorrhombic). Unfortunately, it is diffi-
cult to discriminate which of them is dominant.

In absolu, the two crystals seem to be oriented and stressed in
opposite directions around the boundaries; this probably indicates
a strong dislocation activity of opposite sign at the two sides of the
interphase boundary.
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Fig. 11. Evolution of the qx, qy and qz components of the unit quaternion (see Eq. (14)) corresponding to the misorientation with respect to the reference sample point
indicated in Fig. 10, vs the distance to the center of the a” martensitic lamella. (a) using the proposed HR procedure. (b) using the conventional procedure by HKL Channel

5 software. Black dash line indicates the position of grain boundaries.
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Fig. 12. Elastic strain map at the reference frame of the sample. Step size =150 nm.

Note that these results are only accessible with the hybrid HR
procedure (where absolute orientations can be determined) since
two different crystal phases are being compared. A deeper analysis
of these results is in progress.

5. Conclusions

A novel gradient based DIC technique (GB-DIC) for the cross-
correlation between real and simulated EBSPs has been proposed
that improves the accuracy and robustness of simulation based HR-
EBSD procedure. As a consequence, a new procedure of calibration
of the pattern center was designed using the GB-DIC, assuming
minimum assumptions. This procedure of PC calibration was ap-
plied using GB-DIC and the conventional DIC. GB-DIC based algo-
rithm showed improved consistency and accuracy in a set of 6 dif-
ferent Si single crystal orientations and led to remarkable results
in the accurate determination of the pattern center location.

The emergence of this accurate simulation-based HR-EBSD
brings the absolute determination with high resolution of both ori-

entations and elastic strains from EBSPs. This is of great interest in
the analysis of special boundaries as twin boundaries or interphase
boundaries. In this work, a hybrid approach is proposed that com-
bines the simulation based HR-EBSD with the conventional HR-
EBSD (Wilkinson’s procedure) and was successfully applied to the
analysis of a B/a” interface in a Ti-12wt.%Mo alloy.
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