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1. ABSTRACT

We present a brief overview of some selected aspects of 3D-EBSD. Currently available
techniques for serial sectioning in the field of 3D-EBSD are compared regarding their
capabilities and potentials. Furthermore, challenges and opportunities in the area of data set
reconstruction and 3D description of boundaries are discussed. Finally, we identify and discuss
problem classes for which 3D-EBSD provides a suitable solution.

2. INTRODUCTION

Microstructures are usually characterised by statistical measures derived from 2D cross-sectional
data. Nevertheless, in cases where 3D statistics matter, orthogonal cross-sections or stereological
methods merely deliver approximate distributions. When a higher accuracy is needed or when
the direct relation of structure and properties is necessary (e.g., the correlation of corrosion
behaviour with grain boundary character), a truly 3D representation is indispensable via
tomographic methods. Of particular interest are those tomographic techniques that allow
a detailed microstructure analysis.  This includes the morphological, chemical and
crystallographic description of crystals and of grain and phase boundaries, the characterisation
of precipitates as well as the quantification of dislocations or other crystallographic defects.
Furthermore, the morphology and crystallography of cracks or other internal surfaces may be
relevant.

Destructive tomography combined with analytical scanning electron microscopy, is evolving
into a technique capable of analysing increasingly vast volumes at high spatial and angular
resolutions. The present work focusses on 3D-electron backscatter diffraction (3D-EBSD), some
of its concepts, issues and challenges as well as highlighting some suitable applications.

3. TOMOGRAPHY

Generally, in materials science, every technique that displays and quantifies a 3D object from
a bulk material is addressed as tomography. This includes destructive techniques that actually
cut an object into thin slices like ultra-microtomy for biological samples [1], techniques that
remove thin layers from the surface of a bulk material, e.g., by mechanical polishing [2, 3],
focussed ion beam (FIB) cutting [4, 5], broad ion beam sputtering [6, 7], or laser ablation [8],
and techniques that observe the 3D structure of a material non-destructively by some sort of
transmissive radiation, e.g., ultrasound [9], X-rays [10, 11] or electrons [12].

For tomography by serial sectioning one of the most suitable observation techniques is electron

backscatter diffraction (EBSD) in the scanning electron microscope (SEM) because it has
reached a very high degree of automation and allows a comprehensive description of
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microstructures with high spatial (~ 50 nm) and angular (~ 0.1°) resolution. In combination with
energy-dispersive X-ray spectrometry (EDS) it allows the measurement of elemental
composition with reasonably good accuracy (~ 1 at% at 100 nm resolution). Both EBSD and
EDS are relatively slow scanning techniques with measurement times per dwell point between
1 to 100 ms or even seconds for EDS. Because both techniques become less accurate when
scanning speed is increased one needs to find compromises between measurement time and
accuracy. Often EBSD or EDS maps for tomographic techniques take between 10 minutes and
1 hour and are, therefore, the temporal bottleneck for the techniques where several hundred serial
sections are to be characterised which finally may take several days or even weeks of acquisition
time.

In the following we will introduce some of the destructive, serial sectioning techniques that allow
comprehensive investigation of microstructures of crystalline matter in some more detail.

3.1. Serial block face SEM (SBFSEM)

Thin slices of material are cut from a surface of a free standing pillar using a sharp diamond
knife mounted inside of an SEM. The remaining surface is observed by SEM-based techniques,
including EBSD. The samples need to be small with a cross-section of about 500 x 500 pm?.
The slices can be as thin as 15 nm to 50 nm, and areas as large as approx. 200 x 200 pm? can be
imaged. Slice thickness is controlled by electronic sample feed. The cutting per slice takes only
about 1 s. SBFSEM is mainly used to slice biological samples, either in a hard resin or under
cryogenic conditions [13, 14], but it has also been employed to cut metals, like Al or Mg alloys
and steels and, despite some shear damage, EBSD patterns are obtained from the surface [15].
Nevertheless, it appears that the technique is not generally suited for microstructure analysis of
hard matter.

3.2. Chemo-mechanical polishing using a robotic system

Thin layers of material are polished off from a specimen mounted for metallographic preparation
using a fully automated versatile polishing automaton outside of the SEM [2, 3, 16].
The automaton also cares for cleaning and drying the sample. Next, the sample is automatically
transferred to the SEM using a co-operative robot that places the sample into a dedicated sample
holder in the SEM. After evacuating the SEM chamber and automatically positioning the
sample, SEM-based observations are performed. Finally, the sample is returned to the polishing
robot for the next polishing step. The automated preparation, which includes a final
chemo-mechanical polishing step, results in large (up to cm?), artefact-free and perfectly flat
sample surfaces, ideally suited for EBSD, backscatter electron (BSE) or EDS observations and
for further experiments, e.g., corrosion tests, deformation tests or, thermal treatment.
This, together with the large 3D-investigated volume of up to 1 mm?, is a very important aspect
of the technique as it allows the correlation of macroscopic properties, e.g., corrosion rates, with
3D microscopic features, e.g., S-parameter grain boundary character. The currently smallest
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slice thickness is 0.5 pm. The accurate measurement and control of slice thickness is still
a matter of development. Slice removal takes about 15 minutes including cleaning and drying,
which results in a shortest possible cycle time of about 40 minutes, including measurement of
a large EBSD/EDS map. Every material that can be prepared for EBSD or EDS mapping by
metallographic techniques can be investigated. Samples sensitive to air or polishing liquids
(e.g., lithium or sodium in battery materials) cannot be handled. The technique is particularly
suited to obtain good statistics on grain boundary behaviour or grain morphology of materials
with crystallite sizes of 20 um and larger. One of the most important shortcomings of the
technique is the necessity to transfer the sample into and out of the SEM, which creates positional
inaccuracies and requires time.

3.3. Serial sectioning by a focussed ion beam (FIB)

A sample is placed in a dual beam FIB-SEM instrument and a thin layer of material is removed
using ion-beam sputtering (“milling”) in grazing incidence starting from a sample edge [4, 17]
or on a freely standing micro-pillar [18]. Tons are usually Ga" or Xe" in a plasma-FIB (PFIB),
usually accelerated to 30 kV. After milling the sample is moved to the position for EBSD/EDS
observation, which involves a significant sample tilt or rotation. After EBSD mapping the
sample is returned to the milling position and the process is repeated. The thinnest slice that can
be reliably and repeatedly removed is in the order of 50 nm and the maximum volumes that can
be investigated are between 20 x 20 x 20 um? for a Ga-FIB [2, 4] and 200 x 200 x 200 um? for
a PFIB [19]. These are suitable values for materials with crystallite sizes in the order of
5t0 20 um. For materials with larger grain sizes, statistics of grain boundaries or grain
morphology become poor. Milling one slice takes between 10 and 15 minutes, resulting in a total
cycle time of 30 to 40 minutes including EBSD/EDS mapping. Most (P)FIB investigations have
been performed on metallic samples because metals suffer less than other materials from
amorphisation by the ion beam. Generally, a Ga"™-beam leads to larger crystallographic damage
than Xe'-beam. Finally, due to the special shape of the sampled material (pillars or trenches)
these volumes are usually not easily accessible for further investigations.

3.4. Serial sectioning by coupled PFIB and femto-second laser

To allow investigations of very large volumes the PFIB has been coupled with a femto-second
laser [8, 20] in a single instrument. A thin layer of material (thickness in the order of 1 pm) is
removed by a femto-second laser with beam size of < 5 um, directed in grazing incidence to the
sample surface. Fora 1 x 1 mm? large area this may take a few minutes. The material is removed
by an ablation process in which the electrons of the material are heated very significantly, leading
to the formation of a plasma. This process creates relatively little damage or modification to the
remaining material such that hard materials (like superalloys) can be directly observed by EBSD,
while more sensitive materials, e.g., Ti-alloys, require a refinement with a PFIB ion beam, which
adds further minutes to the sectioning process. During laser ablation a large amount of material
is released from the sample, which subsequently deposits in the area around the ablation process.
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To avoid contamination of the SEM, the sample is either shielded during the ablation process or
it is moved into a separate chamber. With a laser-FIB system samples of a CoNi superalloy as
large as 1 mm® have been investigated by EBSD with a voxel step size of 1.5 pm.

3.5. Serial sectioning by broad ion beam (BIB)

A thin layer of material is sputtered off from a sample surface using a broad Ar'-ion beam
arriving at the sample in grazing incidence [7]. A sharp cut is achieved using a protective shield
made of an ion-resistant material (Ti or Mo) in front of the sample. In the most current version
of the technique the BIB instrument is vacuum-connected to an SEM and the sample is
transferred between both instruments by a mechanical transfer system. The BIB sputters areas
up to several millimetres in diameter but the most typical observation area has a diameter of one
millimetre inside which the area remains very flat with only a few microns of height variation.
In contrast, the ion beam may lead to the formation of significant local sputtering craters at places
of different hardness, e.g., hard precipitates or differently hard orientations. The quality of the
crystal lattice remains higher than during Ga'- or Xe'-ion sputtering, leading to high quality
EBSD maps on many different materials [6]. The sputtered layer thickness can be varied
between ~10 nm and 1 um. The sputtering of one layer on metals takes usually in the order of
10 minutes, resulting, like the other 3D techniques, in total cycle times of 30 to 45 minutes.
The largest volume that has been reported being analysed by BIB-EBSD/EDS is in the order of
200 x 200 x 50 um?, though it could be larger in principle.

3.6. Sub conclusion

Comparing all mentioned serial sectioning microstructure techniques, the BIB technique appears
to be the most powerful and versatile as it can handle very different materials, including
air-sensitive ones, very large volumes and very high resolution (< 100 nm) measurements.
Also, the milling time is short and surfaces of high crystal quality are created. The laser-FIB
technique may allow measurements of larger volumes but the resolution is limited to about 1 pm.
The chemo-mechanical polishing technique creates very large surfaces with best surface and
crystal quality. This makes it ideally suited e.g., for the measurement of large numbers of grain
boundaries close to the surface and subsequent property measurements. The technique is,
however, limited to materials that are insensitive to air and polishing liquids. For all techniques
the EBSD/EDS mapping takes about the same time as the sectioning. Total cycle times range,
for all techniques between 30 minutes and 1 hour for typical investigation sizes.
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4. SLICE REGISTRATION
4.1. Errors and transformations

In destructive tomography, an integral 3D data set is compiled from multiple individual 2D data
sets (slices), during a post-processing step. The consistency of the 3D stack tends to rely strongly
on the slice registration. In this procedure neighbouring slices are brought into agreement with
one another, such that various microstructural constituents are reconstructed in the 3™ dimension
with minimal serrations.

In case of missing or deteriorated slices machine learning approaches have been developed to
recover such slices, see e.g., [21, 22]. Usually, however, mismatch errors between neighbouring
slices need to be corrected. The errors occurring during data acquisition vary in type and origin.
The specimen handling and sectioning primarily introduces errors, such as shifts, rotations,
non-parallelism or non-planarity. In contrast, the sampling of the specimen surface is
predominantly affected by typical acquisition errors, such as scan field distortions caused by drift
or specimen tilt.

Many of the 2D in-plane errors can be described as affine transformations, comprising
combinations of rotation, scaling, shearing and translations. These errors can be readily
corrected for, via a uniform back-transformation that is determined through a comparison with
neighbouring slices or reference images obtained with another imaging modality.

Non-affine scan field distortions present a far greater challenge. Frequently, these distortions
are subtle enough to remain unperceived in 2D, but still serious enough to deteriorate the
microstructure consistency in the 3™ dimension. Their primary origin lies in electrostatic or
thermal drift phenomena, which distort the raster scan field during acquisition. A correction of
these distortions is computationally more expensive.

In an ideal case, a registration reference is collected for every slice. Preferably, this reference is
acquired at zero tilt, to minimise adverse effects from foreshortening [23] and sufficiently fast,
to minimise effects from drift, e.g., with a BSE detector or even optical means. A challenge lies
in the different contrasts of EBSD and e.g., BSE maps. Via multimodal approaches slices can
be registered to their respective references, see e.g., [24-26].

Data sets without specific reference images require different registration approaches. One is to
identify the least drifted slice, e.g., the first slice or a slice in the middle, from which a pairwise
registration is propagated throughout the entire stack. An objective function for the registration
process can be e.g., a maximisation of the cross-correlation or a minimisation of the average
misorientation angle between slices [27]. This approach tends to stack dominant microstructural
features on top of each other. Hence, a balanced set of spatially differently oriented
microstructural features needs to be selected. A powerful algorithm for non-rigid registration is
the Smart-align algorithm that will be described in more detail in the following.
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4.2. Smart-align

Non-rigid registration of images is well established in many areas of science involved with image
analysis. Smart-align has been successfully applied for image-enhancement in the STEM
field [28]. Based on classical image analysis, it calculates a displacement field to register two
subtly different images, based on the gradients present in both images. A further key feature of
Smart-align is that it utilises the raster-scan wise data collection of microscopy images.
Both characteristics make it applicable to tomographic stacks, obtained by SEM techniques,
such as EBSD and EDS.

The algorithm is derived from a modified optical flow equation (a.k.a. the brightness change
constraint equation), which describes the displacement of objects from two slightly different
images taken before and after the displacement. The equation solves a displacement field and is
underdetermined but becomes solvable via regularisation. For this, two constraints are
introduced, a similarity constraint which demands that the displacement is minimised and
a global smoothness constraint to the displacement field, to ensure that it varies only gradually
and is interpolated in regions with low gradient. The displacement field is solved iteratively by
adding after each cycle the current displacement field to a cumulative displacement field.
The latter is then applied to the second image to bring it gradually more into agreement with the
first image. This process is repeated until some stopping criterion is reached.

Since drift varies (often erratically) with time, its effects show least for scan field points that
were captured in rapid succession, such as neighbouring points within the same scan line.
Hence, for EBSD or EDS maps a scan line represents an entity, which might be positioned wrong
due to drift but which in itself is still largely correct. This is reflected by the “row/column lock”
concept by which the displacement of entire scan lines is averaged [28]. For a tomographic stack
this concept also provides some tolerance towards variations between neighbouring slices.

Since the Smart-align method operates with the image gradient, orientation maps must be first
dimensionally reduced to grey-scale images. Once a displacement field is determined, it can be
applied again to the original orientation map. For this, interpolations between individual
orientations are necessary, which are only meaningful for similar orientations of the same phase.
We use an adapted weighted bilinear approach.

Furthermore, some attention must be paid to steep gradients at high angle grain boundaries. It is
essential to stretch these gradients in the grey-scale images, e.g., by a moderate Gaussian
smoothing, to ensure some essential overlap between features in both images. However,
this comes at the cost of some loss in spatial resolution.

As an example, in Fig. 1 a 3D EBSD data set is shown that was acquired with our ELAVO 3D

(EBSD-based large volume 3D microstructure system [2]) set-up on a recrystallised and
sensitised 316L stainless steel sample at a step size of | pm. The data set was first re-aligned by
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rigid methods and then finally by the Smart-align method. The slice images (based on the blue
channel of an IPF-X map) were pre-smoothed by a 5 x 5 Gaussian kernel. Four neighbouring
slices, two below and two above served as registration references. In a second run this was
repeated with 6 neighbouring slices, three above and three below.

Figure I. A large 3D orientation data set collected on a recrystallised and sensitised 316L stainless
steel sample, comprising 563 x749 x 167 voxels at a step size of 1 um, in IPF-x colour code.
The data set was rigidly aligned and finally Smart-aligned. Dataset courtesy S. Tsai.

In Fig. 2 the misfit between adjacent slices is shown in terms of the mean interslice low angle
grain boundary (LAGB) disorientation angle. This angle is calculated as the mean of all
disorientation angles between corresponding voxels in two neighbouring slices. Only voxel pairs
whose disorientation is below the low to high angle grain boundary transition angle of 15° are
taken into account. As can be seen in Fig. 2, the Smart-align method improves the overall
matching between the slices. However, it is also noticeable, that local maxima are less affected
by the Smart-align method. A possible explanation is that there the misalignment is still too
large to be picked up by the Smart-align.

5. DESCRIPTION OF INTERFACES IN 3D
5.1. Boundary descriptions

A key feature of 3D orientation datasets is that they allow to determine the inclinations of internal
interfaces, permitting a five-parametric boundary characterisation, including 3 misorientation
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Figure 2.  Through thickness evolution of the mean interslice LAGB disorientation angle of the dataset
in Fig. 1. Before (black) and after Smart-align (blue) using two neighbouring slices on either
side as a reference and a second Smart-align treatment using three neighbouring slices on
either side (red).

angles and 2 parameters describing the grain boundary plane. In contrast to 2D datasets, this is
possible on a per boundary basis, i.e., in a non-statistical manner. In principle two steps are
necessary for the reconstruction of a boundary; a surface must be identified which is then
converted into a polygonal mesh of geometric primitives.

Planar boundaries, frequently observed for recrystallisation twins or grains formed during solid
state transformations, represent the most straightforward case. For such boundaries,
a mathematical plane can be readily approximated to a set of interpolation points, by minimising
the sum of the squared perpendicular distances with a total least squares method [29].
Alternatively, a principal component analysis can be applied.

Although a general non-planar boundary can also be mathematically fitted (e.g., as non-uniform
rational basis splines or NURBS), a frequent approach for microstructures is to omit the
mathematical approximation by directly applying a polygonal mesh to the voxel discrete
boundary, see e.g., [30-34]. In essence, this may be achieved through a conversion of the voxel
faces that constitute the boundary into mesh triangles. Slightly more interpolating is the so-called
Marching Cube (MC) algorithm, originally introduced by [35]. Here, a mesh is generated from
a lookup table for a cubic constellation of 8 voxels. However, multi-grain support as well as the
topological consistency and correctness of the mesh are easier to realise by splitting the logical
constellation into 5 or 6 tetrahedra, as in the Marching Tetrahedra (MT) algorithm [30, 36].
Here a mesh is generated analogue to the MC algorithm for a smaller tetrahedral constellation of
4 voxels, see Fig. 3. The resulting mesh structure consists of boundaries, triple lines and
quadruple junctions, any higher order junctions will be decomposed into a combination of first.
Compared to the MC algorithm the MT algorithm results in a denser but also computationally
more expensive mesh.
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Figure 3.  Tetrahedral constellations of 4 voxels belonging to different grains (represented by red,
green, blue and purple spheres) [30, 31]. a) 1 boundary with 4 equivalent configurations.
b) Similar to a) but only 3 equivalent configurations. c) 1 triple line and 3 boundaries with
6 equivalent configurations. d) 1 quadruple point, 3 triple lines and 6 boundaries with only
one possible configuration.

5.2. Mesh smoothing

The as-meshed polygonal surface structure still deviates strongly from the physical boundary
surface. This is largely due to the voxel discretisation in combination with the meshing algorithm
and to a lesser extent still to slice misalignments caused by acquisition errors, as described in
sect. 4. This deviation can be efficiently mitigated by a smoothing of the mesh. Materials science
literature shows a number of solutions for this, that can be roughly categorised by whether the
stage of the smoothing step is either after, see e.g., [30, 32, 34] or before the meshing step,
see e.g., [27, 33]. In the following a post-meshing smoothing is outlined, based on [37-39].

A mesh smoothing is achieved by a reduction of the total grain boundary area, very much as
during grain growth due to a lowering of a system’s Gibbs free energy. Boundaries tend to
migrate towards their centre of curvature under the action of a curvature dependent driving force.
In consequence, details with a high local curvature are lost first. In the present work this is
implemented similar to a vertex grain growth model [38, 39]. For each vertex a total net force
is calculated from the vectorial sum of the surface tensions of the adjoining mesh segments as
shown in Fig. 4. Boundaries and triple junctions are smoothed alternately to keep their
interaction balanced. All quadruple junction positions are kept static.

Figure 4.  Three mesh triangles, with normals 7;, meet at a common vertex. Here an effective driving
force py: acts as the vectorial sum of the individual driving forces p; [31, 39].

154



Any smoothing of the mesh is accompanied by a change in the grain volume distribution.
Hence, the vertex motion is constrained in two ways. All vertices at the free specimen surface
are constrained within the free surface (except for boundary traces and specimen edges).
Furthermore, vertices are also progressively slowed down by a scaling factor the further they
deviate from their original positions, according to a user-specified constraint coefficient.
The larger the constraint coefficient, the more rapidly the scaling factor will tend to zero.

5.3. Ground truth test

At triple and quadruple junctions, the interaction of multiple boundaries and triple lines leads to
a distinctly different smoothing behaviour as compared to within the boundary interior.
A suitable ground truth for benchmarking this behaviour can be provided by a 3D Voronoi
tessellation where all grains are modelled as convex polyhedrons. This allows it to use planar
approximations of the voxel boundaries as a reference for assessing the boundary mesh. This is
illustrated by Fig. 5, where a sufficiently sized Voronoi grain is shown in meshed and smoothed
condition. The colour coding of Figs. 5a and 5b shows respectively the deviation distance and
angle w.r.t. a planar approximation.

In Figs. 5c and 5d the distributions for the same deviations are shown differentiated for the mesh
elements at the interior and periphery of the boundaries. Both distributions for the distance as
well as the angle are slightly narrower for the boundary interior as compared to the boundary
periphery. This is also reflected by Figs. 5a and 5b, where the largest deviations are consistently
found at the quadruple and triple junctions. Even though this example depends on a user chosen
amount of boundary smoothing and constraining, it may be inferred, that in general
crystallographic evaluations of boundary meshes must be interpreted with some caution.

6. APPLICATIONS

Compared to 2D techniques, 3D techniques require much more measurement time for one data
set (usually at least several days), thus the necessity of 3D measurements must be considered
more critically than in the 2D case and only such measurements should be pursued where 3D
information is indispensable. It should be considered that 3D information can often be inferred
from 2D measurements or from two mutually perpendicular 2D sections. Such information
includes, for example, grain size distribution, grain shapes or volume fraction of phases or
microstructure constituents (including pores). Also, the interconnectivity of phases or pores can
often, but not always, be inferred from 2D measurements using topological methods [40, 41].
Note also that subsequent slices in a 3D EBSD data set differ only little from each other and
therefore do not contribute additional statistical information, in contrast to areas side-by-side that
would be investigated in a 2D measurement of similar data size. Truly necessary is
3D information in the following cases.
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Figure 5.  Random Voronoi grain of 2,527 voxels (step size 1pum) surrounded by 20 hidden neighbours,
meshed and smoothed over 100 cycles. The mesh is colour coded by a) deviation distance
in [um], and b) deviation angle in [°] w.r.t a planar fit plane. c) Distribution of the mesh
deviation distance in [um] w.r.t. to a planar fit plane. d) Distribution in [°] of the mesh
elements w.r.t. to a planar fit plane. Open symbols indicate peripheral mesh elements
adjacent to triple or quadruple junctions, while closed symbols represent interior mesh
elements. The deviation distance was determined at the barycentre of each mesh element.

6.1. Morphology and crystallography of inner and outer surfaces

The formation mechanisms of cracks in mechanically monotonically or cyclic loaded materials
are of high interest to understand materials damage. Cracks are 3D structures that may or may
not follow grain boundaries or specific lattice planes, they may change direction and branch in
complex manner. Large volume 3D EBSD is an ideal tool for these investigations [42].

6.2. Morphology and 5-parameter crystallographic character of grain and phase boundaries
in conjunction with properties

One of the most important applications of 3D serial sectioning EBSD is the characterisation of

grain or phase boundaries (GB or PB) and their properties. In 2D EBSD measurements the
crystallography of the GB plane remains unknown, except for special cases where the GB trace
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may be used to conclude on the GB plane (e.g., for twin boundaries in various materials).
A detailed work on the GB character of £9 coincidence site lattice (CSL) GBs (double-twin
boundaries in fcc materials) [2] showed that X9 GBs may have 3 different morphologies and
crystallographies, all of which are related to different energies and properties. Low-X CSL GBs
(£=3,5,7,9) in fcc metals do not have special properties per se, but they have a potential to
create low-energy GB planes, which may make them special. Such special behaviour may be,
for example, a special resistance to corrosion as it has been investigated on stainless steel.
For this the chemo-mechanical polishing serial sectioning approach was used which yields very
flat and large surfaces for corrosion test. Figure 6 shows one result with a GB image on the left
side and a corrosion image of the same area on the right. Note that in this case only a thin layer
of about 15 sections was sufficient to characterise the GBs close to the surface.

Corrosion
Experimen‘

Figure 6.  Grain boundary corrosion experiment on a stainless steel. The inset on the left side shows
a 3D grain boundary image (difficult to recognise in a 2D image), the right side inset shows
details of the grain boundary corrosion behaviour.

Further GB properties that can be correlated with the crystallographic GB character are,
e.g., cathodoluminescence in solar cells [43], transport properties, hydrogen embrittlement,
or general mechanical strength.

6.3. Crystallographic and morphological nature of nuclei of crystallisation, recrystallisation
or phase transformation

Rare features in a microstructure, e.g., nucleation of recrystallising grains in a heavily deformed
microstructure are difficult to find and quantify in 2D sections. The true size of a potential
nucleus, and its crystallographic environment can only be evaluated from high resolution 3D
measurements, e.g., by FIB serial sectioning. Figure 7 shows an example of a growing cube
nucleus in a highly cold rolled Fe36%Ni alloy.
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Figure 7. Three different views of a 3D FIB-EBSD map of a rare recrystallisation nucleus in a cold
rolled Fe-36%Ni sample (Zaefferer, unpublished data).

Another example which requires the search for and correct description of rare features is, e.g., the
characterisation of nucleation points of grains that have been created by rapid solidification
during additive manufacturing of materials using laser powder bed fusion.

6.4. Combination of experimental 3D data with modelling

As the serial sectioning methods only reflect the status quo of a material, materials processes,
like recrystallisation, deformation or phase transformation can only be followed by materials
modelling.  Furthermore, many modelling tools, like crystal plasticity tools [44] or
recrystallisation or grain growth evolution models [45], require detailed 3D input data, which
may be delivered by 3D EBSD measurements. Additionally, for all these models dislocation
densities play an important role. Geometrically necessary dislocations, GNDs, can be observed
and quantified by 3D EBSD techniques [46, 47]. Figure 8 shows an example of a 3D Monte
Carlo Potts model simulation, which takes as input a 3D-FIB measured microstructure of
a heavily cold rolled FeNi sample. The model uses the stored energy in the dislocations and in
the grain boundaries to obtain a proper recrystallisation behaviour of cube-oriented sub-grains.

Initial as measured structure 0 500 Monte Carlo Steps 1000 Monte Carlo Steps

Figure 8. Monte Carlo simulation of nucleation of recrystallisation based on a 3D-FIB measured
microstructure of heavily cold rolled Fe 36% Ni. Curvature and dislocation density are taken
into account for energy calculation (Zaefferer, unpublished data).
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7. CONCLUSIONS

A comparison of tomographic techniques for 3D-EBSD has identified BIB, laser-FIB and
chemo-mechanical polishing as promising methods for accurate large volume 3D microstructure
characterisation, each with their specific strengths and weaknesses. A correct registration of
3D-orientation data sets remains a central problem in 3D-EBSD, the Smart-align method is
a promising solution. The approximation of internal boundaries by polygonal meshes is
generally better at the interior of boundaries as compared to the boundary periphery.
Alternatively, mathematical approximations appear to be a promising approach. Finally, we
identified suitable problems for which 3D-EBSD provides a valuable solution, such as the
characterisation of internal interfaces, identification and characterisation of rare features and the
support for 3D microstructure modelling.
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