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Abstract

Cross correlation based high angular resolution EBSD (or HR-EBSD) has been
developed for measurement of elastic strains, lattice rotations (and estimating
GND density). Recent advances in Transmission Kikuchi diffraction (TKD),
especially the on-axis geometry allows the possibility of acquiring patterns at
higher spatial resolution. However, some controversy remains as to whether
stresses/strains measured after the sample thinning process are still represen-
tative of the bulk sample. In this paper, we explore a way of applying the
HR-EBSD method to study strains and lattice rotations in an initially bulk
sample, that is then progressively thinned down until a similar analysis can be
performed on thin (and electron transparent) samples. Thus, HR-TKD will be
compared as a possible alternative to HR-EBSD, in scenarios when it is not
always possible to perform EBSD on the surface of the sample. An estimate of
strain relaxation in the sample as a result of sample thinning is presented.
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1. Introduction

Electron backscattered Diffraction (EBSD) is an SEM based technique that
is essentially based on capturing and analysing Kikuchi patterns to measure
crystal orientations. These relatively simple-to-measure details (crystal type
and orientation) using this method have unleashed huge capabilities, making it
a ubiquitous tool for quantitative microstructural characterisation (grain shapes
and sizes, phase distribution, recrystallisation, orientation relationship, types of
grain and phase boundaries, microtexture) in bulk samples. These applications
have been reviewed in the past [Il 2, B 4] and more recently the novel appli-
cations [B} [6]. Building on the simple Hough based analysis on the Kikuchi
patterns was the high-angular resolution EBSD (HR EBSD) method, a cross-
correlation based analysis of Kikuchi patterns, that is often performed off-line
after data acquisition [7, [§]. This technique has been implemented and im-
proved by several research groups in recent years [9] [10] 111 2], 13| 14}, 15] to
measure elastic strain distributions, lattice rotations (compared to a reference
pattern) and estimating a Geometrically Necessary Dislocation (GND) density
using Nye’s tensor framework [10].

About a decade ago a technique similar to EBSD but in transmission was
introduced as Transmission Kikuchi Diffraction (TKD, also referred as t-EBSD)
in the SEM [I7, 18] for thin samples. Quite soon after this method became
popular due to significantly better spatial resolution [I7, [19]. More recently,
a new hardware setup was introduced [20], where the phosphor screen in the
setup is parallel to the plane of the thin sample and directly underneath. This
setup, known as on-axis TKD, has an added advantage of obtaining Kikuchi
patterns with much lesser gnomonic distortion than the t EBSD setup, higher
signal levels and consequently less sensitive to beam drift [21] 22] due to shorter
scan times.

A similar cross-correlation approach can be used as in HR-EBSD to mea-
sure shifts and rotations in TKD patterns, thereby extending the ability of the
technique [22]. In addition to this, the forescatter (FSD) diodes on the setup
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can be used to obtain TEM like Bright-Field and Dark-Field images [23] to a
point where dislocations and their pile-ups are clearly visible [22]. This cross-
correlation approach (HR-TKD in this case), can be used to measure strain
and rotation fields (thereby a GND density estimation for deformation) in small
areas not accessible by traditional EBSD, via a site-specific FIB liftout or by
electropolishing [22]. An example of the potential of this technique is for the
study of localised deformation around crack tips (especially in stress corrosion
cracking, where the cracks are sub-surface) [24} 25] or around smaller microstruc-
tural features that need a high spatial resolution for imaging/measurement [20].
However, a question that remains to be answered is if the measurements are still
representative of the bulk sample and if the stresses and strains have relaxed
from thinning the sample by FIB preparation.

In this paper, we report the elastic strain and lattice rotation measurements
obtained from a thick sample (in EBSD) which is then progressively thinned
with a FIB instrument to a point where the sample is electron transparent and
TKD patterns can be obtained in an on-axis TKD setup. Cross correlation
analysis of the obtained patterns has been used to compute the elastic strains
and rotations from the bulk and thinned sample. We also make an estimate of

the loss of strain due to relaxation in the thin sample.

2. Experimental method

The material selected for this study is a sample of Alloy 600, a Ni-based alloy
and its composition listed in Table The material was solution annealed for
30 minutes at 1150°C and water quenched. This specimen was cut into smaller
pieces and then the surface was ground with SiC paper and polished with 1 pgm
diamond suspension. This sample was then further polished in a suspension of
colloidal silica (50-60 nm).

A Zeiss Crossbeam 540 FIB-SEM was subsequently used for lifting-out a
sample containing the mapped area of interest within a single grain, cross-

sectionally to the surface of the polished sample. The initial lift-out sample
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C Mn | Si Ni Cr Al Ti Fe Cu | S P

0.07] 0.17 | 0.29| 73.6 | 16.3 | 0.19 | 0.19 | 9.20 | 0.01 | <0.001 | <0.007

Table 1: Chemical composition of the selected Alloy-600 (in wt%)

Polished face

Thinning direction

Figure 1: Initial sample lift-out. Sample S1 showing the thickness, polished face and the

thinning direction.

was ~5pm thick. This lift-out was then placed on a copper Omniprobe™ grid.
One of its surfaces was then polished in the FIB (for EBSD) to a thickness of
~4.5um with a 300pA@30KV beam and then with 200pA@5KV to minimise
damage from FIB milling. This sample (S1) before being placed on the copper
grid is shown in Figure[I] depicting the initial thickness, polished face for EBSD
map and the thinning direction.

An EBSD map was acquired (5nA@20KV) from the bulk sample on the
polished surface using a Bruker e-FlashfiP detector at a pattern resolution of
800 x 600 pixels. These conditions were chosen to be an acceleration voltage
of 20KV and a probe current of 5nA to match those where a 50nm step size

(an spatial resolution) could be confidently obtained as demonstrated by Bordin



75

80

85

90

95

100

et al. [27]. This sample was then thinned on the opposite side using the FIB
(InA@30KV) until a thickness of ~1um to prepare the sample S2. The sample
was not cleaned in any other way for S2. Another EBSD map was acquired and
the sample re-thinned using the FIB (300pA@30KYV) followed by 200pAQ@Q5KV
until the sample was electron transparent with the secondary electron detector
at 10K'V. The sample thickness in this condition was estimated to be 110-135nm,
from a series of high magnification images stitched together. This sample was
designated S3 and TKD patterns acquired, with the polished face on the exit
side, using the same detector, but with the on-axis OPTIMUS™ detector head
at 800 x 600 pattern resolution. The patterns were obtained at an acceleration
voltage of 30KV and a probe current of 1nA. Probe currents larger than 2.5nA
often result in containments from the chamber being deposited on the sample
as a layer, rendering it unsuitable for any high resolution TEM studies. It
was observed that the sample started to bend at this stage. A fourth sample
was then prepared by further thinning it with the FIB beam (200pAQ5KV),
to study the strains from the resulting bending. This sample is designated as
sample S4. The thickness of the sample at this stage was found to be 70-90 nm.
The general trend to prepare TKD samples is normally to a thickness of 100nm
(sample S3). The sample S4 was prepared (upon suggestion from reviewers) to
understand the bending issues and the strains related to measure this effect. A
summary of the samples is presented in Table[2] Although S1, S2, S3 and S4 are
the same sample and EBSD/TKD mapped surface stays the same, they have
been designated with a different sample number for identification purposes.
The lift-out was intentionally placed on the V-shaped post of the Omniprobe™
grid. This was done to remove shadowing during TKD acquisition, as it was seen
that placing the sample on the vertical bar results in shadows in the obtained
patterns while mapping an area close to the post with on-axis TKD setup. Also,
this method was intended to minimise the stress/strain relaxation in the plane
of the sample by having the sample welded on both sides. The resulting thin
sample (S3) is shown in Figure [2| Previous experience with preparing samples

attached to a vertical bar in the grid (welded on just one side) resulted in too
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Sample Thickness | EBSD/TKDMicroscope Pattern Spatial
designa- mode condi- resolution | Reso-
tion tions for (pixels) | lution
acquisi- (approxi-
tion mate)
S1 4.5um EBSD 20KV, 5nA | 800 x 600 | 50nm
(50nm
stepsize)
S2 lpm EBSD 20KV, 5nA | 800 x 600 | 50nm
(50nm
stepsize)
S3 110-135nm On-axis 30KV, InA | 800 x 600 | <5nm
TKD
(50nm
stepsize)
S4 70-90nm On-axis 30KV, 1InA 800 x 600 <5nm
TKD
(50nm
stepsize)

Table 2: Sample summary of the thickness, conditions and mode of Kikuchi pattern acquisi-

tion.

much sample bending and hence this method of preparation was preferred for

TKD.

The patterns obtained from EBSD and on-axis TKD were subjected to cross-

correlation based measurement of pattern shifts using an in-house developed

MATLAB code [I5] across ~20 ROIs and elastic strains and lattice rotations

measured. Each ROI was extracted from the reference and test pattern and

filtered to remove high-frequency noise and long-range gradients [28]. Sufficient

care was taken to exclude the central area in the TKD patterns where the direct

beam saturates the pixels on the detector. The patterns from EBSD and TKD




Figure 2: Sample S3 showing the thin sample for on-axis TKD measurement on the V-shaped

post. Image acquired in the SEM 1nA@10kV using the In-lens detector.
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Figure 3: Patterns and ROIs (superimposed as white squares) from samples a) S1, obtained

by EBSD and b) S3, obtained by on-axis TKD.

with the corresponding ROI selection is shown in Figure[3] Detailed description
of the cross-correlation technique are discussed elsewhere [I5] 28] 29]. The
measured lattice rotations (and hence curvatures) are used to setup a Nye’s
tensor framework [30] to measure geometrically necessary dislocation (GND)
density content. With 18 known dislocation types in this fcc phase and 6 lattice
distortion gradients, we use an L! optimisation scheme to estimate dislocation
content while minimising total dislocation line energy. More details on this have
been presented by Wilkinson et al. [16].

Transmission electron microscopy images were obtained from the thin sample
S3 using a JEOL 3000F TEM, operating at 200KeV to show the dislocation
arrangement and make a comparison with the GND density maps obtained in

the SEM.

3. Results and Discussion

EBSD and TKD maps across all the 4 samples were of the size approximately
22.5pum x 15um and a step size of 50nm. These maps were then cropped to
include most of the sample area and corrected for sample distortion arising
from the drift during the EBSD map. The IPF maps (along direction ‘2’) are
shown below (before any drift corrections) in Figure [d] for all the samples. At

the time taken to acquire patterns at sufficiently high resolution, the sample
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Figure 4: Inverse Pole Figure maps (IPF) along the direction ‘2’. The figure also shows the
crystal orientation on the top-right. The black ) symbol represents the reference point for

each map.

drift in evident. The least amount of drift is observed in sample S3 and S4
(acquired in TKD). The maximum amount of drift is observed in sample S2,
and from the strain/rotation maps it is evident that most of the area observed
in the left of sample S1 has missed out due to the scan drift.

All the in-plane residual elastic strain maps of samples S1, S2, S3, S4 and
lattice rotation wq3 around ‘2’ axis are shown in Figures[p} [0} []and[§] The strains
in sample S1 and S2 show relatively similar trends in tensile and compressive
values. As already mentioned, most of the area to the left of sample S2 is lost
due to scan drift, and the map roughly corresponds about 5um to the right

of where sample S1 is mapped. A suitable line scan comparison is described
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later in Figure to provide a better quantitative measurement than visual
interpretation from color images. Slightly more noise may also be apparent in
these scans, as a result of the surface being polished by FIB and not a traditional
colloidal Silica or electropolished as is the case for general EBSD or HR-EBSD
that is regularly followed. It should be noted that the surface was finished by
a low KV FIB beam to minimise damage from the FIB and was left untouched
after preparation for S1. The sample was thinned from the opposite side of the
mapped area. These strains in the sample are the result of prior deformation
in the sample during processing and are measured with respect to a reference
point shown in Figure[d] A general concern that has been raised for elastic strain
mapping in thin foils is that thinning may alter the elastic strains present as
the stress across the free surfaces of the foil must drop to zero, and furthermore
the foil might bend or twist out of plane during thinning. Our measurements
in the foil sample S3 suggest that the changes in lattice strain are relatively
small as stresses relax from thinning (see Figure [7)). There is relatively more
sample bending upon thinning further in sample S4, which gives rise to a change
in magnitude of the strains (beyond a 20% difference). Also shown in Figure
and [8] is a map of the measured lattice rotation wys. With respect to the
reference point in the centre of the sample (see Figure [4] for location of this
reference point), it can clearly be seen that the sample rotates in an opposite
sense on either side of the reference point going through a extreme rotation
before rotating back to be close to the lattice orientation near the reference.
This variation is stronger across the top of the maps, than the bottom. These
lattice rotations are consistent with the foil being bent so that the vertical centre
line is deflected somewhat out of the plane of the foil defined by the end posts of
the omniprobe™ grid. The ends of the foil are thus constrained from moving
and instead the foil tends to bend during thinning.

To the right-side of the maps in samples S1 and S2, the area has values of
strain and rotation very different from the left of the lamella. This does not
appear to be a case of inconsistent cross-correlation evaluation or shadowing on

the detector. The drop in the cross-correlation coefficient in this area is only

10



175

180

185

190

195

200

about 10% when compared to the rest of the sample area. The cross-correlation
approach employed uses a very robust iterative weighing scheme to specifically
prevent any outliner solutions for the individual ROIs.

It is also evident from sample S4 (Figure that the strain measured by HR-
TKD is influenced by the sample bending to a larger extent than sample S3.
Since this sample was only prepared to check the sample bending from thinning,
we do not discuss further about the results obtained in this study. The sample
seems to bend even more than sample S3 as described above, around a vertical
line in the center of the prepared foil. This makes the correction of the strains
from a simple finite element model even more difficult and probably inaccurate.

From the strain maps for samples S1, S2 and S3, it can be seen that the
tensile/compressive nature of the strain is still measured appropriately although
with some lateral shifts due to sample drift during the EBSD scan time. The
measured bending of the sample about the vertical ‘2’ direction can be used to
correct the measured strains. We only make this correction for the sample S3
that is appropriately prepared for regular TKD studies and thickness. For this
purpose a finite element analysis (FEA) simulation was setup in ABAQUS. This
setup was a simple 2-D three-point bend of a foil to match the curvature/bending
of the measured sample S3 and resulting strains extracted to correct €17. A 2D
sheet model was used with inbuilt controls and displacements imposed in the
centre of the sheet (along axis ‘1’) so as to cause sheet bending around the ‘2’
direction. The displacement imposed was adjusted to cause a bending matched
to the rotation w3 in this experiment. The resulting strains are shown in Figure
|§|(a). It is presumed that these strains are lost due to sample bending and are
hence used to correct the measurements. The correction term for €;; at the
centre (where it is predicted to be maximum), is in the order of 1 x 1073, The
correction terms for the strains €15 and €25 based on this bending is in the order
of 2 x 10™* or lower and is thus ignored as this is lower than the sensitivity
of the experimentally measured strains. The corrected €17 map for sample S3
is shown in Figure @(b) From the FEA simulation, the maximum deflection

in bending in the centre of the sample is around 0.1ym for a sample 22pum x

11
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Figure 5: Residual elastic strain maps and Lattice Rotation map (around ‘2’ direction) for
sample S1. The upper and lower colour ranges (for strain and rotation (in radian)) denote

+5 x 1073,
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Figure 6: Residual elastic strain maps and Lattice Rotation map (around ‘2’ direction) for
sample S2. The upper and lower colour ranges (for strain and rotation (in radian)) denote

+5 x 1073.

6um. Such small bending may not always be possible to be picked up in the
SEM/FIB during preparation, especially in this case when the bending is non-
uniform in the sample area. In Figure El(a), a deformation scale factor of 10 has
been applied to show the visible bending.

For a qualitative comparison, a line profile for €;; strain has been drawn
across the 4 maps along a horizontal profile near the top of the map, where
features can be observed in the stain maps. Data averaged across 10 pixels wide
and gaussian smoothened is presented in Figure This was done to evenly
compare similar lines across the 4 samples. The error bars depict the standard
deviation of the strain variation within the 10 pixel width. Elastic stresses can

be calculated by using Hooke’s law to write them in terms of elastic strain and

13
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Figure 7: Residual elastic strain maps and Lattice Rotation map (around ‘2’ direction) for

sample S3. The upper and lower colour ranges (for strain and rotation (in radian)) denote

+5 x 1073,
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Figure 8: Residual elastic strain maps and Lattice Rotation map (around ‘2’ direction) for
sample S4. The upper and lower colour ranges (for strain and rotation (in radian)) denote

+5 x 1073,

E, E1

(a) SNEG, (fraction = -1.0) (b)

(Avg: 75%)
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Figure 9: a) Strains €11 from the Abaqus simulation model used for correction (the deforma-
tion has been amplified by a scale factor of 10 to show visible bending) and the upper and
lower ranges depicted are between 4= x 1073, b) Corrected residual elastic strain maps (after

accounting for sample bending) for sample S3. The upper and lower ranges denote 45 x 1073.
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Figure 10: Line profile variation of €11 strains in samples S1, S2, S3 (after correction) and S4.
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Figure 11: GND Density (in logarithmic scale of lines/m?) maps of the sample a) S1, b) S2,
¢) S3 (the areas marked in blue squares are examined in the TEM in Figure and d) S4.

e) Crystal orientation and the trace of the (110) direction are depicted for the sample.

know elastic stiffness constants. For comparison with the strain and to estimate
the magnitude of the stresses, the elastic stress tensor maps for samples S1 and
S3 are shown in [Appendix A]

Perhaps the most striking part of this work is the GND density maps pro-
duced from measured lattice rotations, shown in Figure[II] For samples S1 and
S2, most of the GND concentration appears to be in the area that has a rel-
atively higher measured strain component. Without correcting for the sample
bending, the GNDs measurements appears to be elevated along the trace of the
(110) slip direction in the sample S3.

Also shown are two TEM images from the sample S3 (marked by square re-
gions in Figure C)), to the left and right area of the map depicting dislocation
arrangements in these areas. It can be clearly seen that the dislocations lie on
the (110) traces. In the location marked in Figure [12((a), there are about 30

dislocations in a 0.5 x 0.5 m? area. This corresponds to a dislocation density of

17
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Figure 12: TEM images from the marked areas in Figure [11[c) to the (a)left and (b)right of

the TKD map. An area is marked in red to estimate the dislocation density.

1.2 x 10*7ines/m?. This is roughly consistent with the GND density estimated
from TKD of 3.9 x 10'4lines/m?.

To illustrate that the GND density measurements are fairly consistent through-
out the experiment, a mean ( in lines/m?) with a standard deviation are pro-
vided here. It should be noted that the spatial distribution of the measured
GND values is quite varied in the area and thus results in a larger standard
deviation. The initial mean GND density in the sample S1, as measured by
HR-EBSD was found to be 2.2 x 104 £ 2.5 x 10'4. In the sample S2, as mea-
sured by HR-EBSD, the mean was 3.02 x 1014 £3.5 x 10'4. After thinning and
measurement via HR-TKD, the mean GND value on sample S3 was found to
be 1.8 x 10 £ 7.7 x 10'3. In the very thin sample S4, the mean GND value
was found to be 3.9 x 10 £ 6.1 x 104

4. Conclusions

The on-axis TKD type of analysis can provide strain and GND measurements
with much superior spatial resolution than EBSD or even off-axis TKD. The
step size used for all the maps in this paper, 50nm, was however chosen close

to the spatial resolution limit of regular EBSD in samples S1 and S2, for a

18
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meaningful comparison between techniques. On samples where measurements
are necessary at step sizes less than 50nm and in cases where sample drift may
be an issue, on-axis HR-TKD offers a much better alternative to HR-EBSD.
The time required for the on-axis TKD map (at the same pattern resolution)
for samples S3 and S4, when compared to the samples S1 and S2 was quicker
by over 5 times.

Care must be taken when preparing samples for TKD to minimise sample
bending and shadowing. In some other work done on similar samples, some
issues were encountered when it comes to acquiring patterns. Uneven FIB thin-
ning in some cases seems to cause a contrast inversion in the Kikuchi patterns.

In cases when the sample surface is inaccessible for traditional polishing
techniques and EBSD, a FIB liftout can be prepared and a cross-correlation
analysis of these patterns (HR-TKD) to measure elastic strains, lattice rotation
and GND density is possible. As we have presented in this paper, the elastic
strains as a result of sample thinning do not relax completely. From the thinning
during the FIB preparation and measured sample bending in a constrained
sample, this relaxed strain corresponds to ~ 1 x 1072 in the central portion of
the sample. To put this into a general perspective, it corresponds to a loss of
about 20% in strain from the thick sample. The relaxation however may not be
uniform due to the constrains at the ends. From experience, an unconstrained
sample welded to a post on only one side seems to cause much more visible
sample bending and in majority of cases unable to acquire clear patterns from
a flat sample and additional shadowing from the post. This may result in
much more stress relaxation, and strain redistribution than the configuration
used by the authors in this paper. By selecting a reference pattern from the
central region of the sample, this information from relaxation is often lost from
the strain maps, but can however be clearly observed in the lattice rotation
measured. The relaxation thus reduces the strains in the sample manifested as
sample bending, but this can be corrected in some cases. This has also been
shown in a previous work by the authors, although at a much smaller step size,

where the strain fields have been measured around finer microstructural features
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[22] and these measurements compared to simulations [19] [26].

We have found that strain and GND densities measured by HR-TKD on
thin samples seem to be representative of those in the bulk when the right
care is taken on the sample preparation and on the choice of parameters for
the acquisition and provided with a quantitative comparison. An ideal sample
thickness for HR-TKD based measurements seems to be in the order of 130nm

or slightly higher.
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Figure 13: Residual elastic stress maps for sample S1. The upper and lower colour ranges

denote £1 GPa.

-04

-0.6

Scalebar = 5um, step =0.05um

-1

Figure 14: Residual elastic stress maps for sample S3. The upper and lower colour ranges

denote £1 GPa.
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