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Abstract

A novel methodology is described in this paper which is a step towards three-dimensional representation of grain structures for
microstructure characterization and processing microstructural data for subsequent computational analysis. It facilitates evaluation
of stereological parameters of grain structures from a series of two-dimensional (2D) electron backscatter diffraction (EBSD) maps.
Crystallographic orientation maps of consecutive serial sections of a micron-size specimen are collected in an automated manner
using a dual-beam focused ion beam–scanning electron microscope (FIB–SEM) outfitted with an EBSD system. Analysis of the
serial-sectioning data is accomplished using a special purpose software program called “Micro-Imager”. Micro-Imager is able to
output characterization parameters such as the distribution of grain size, number of neighboring grains, and grain orientation and
misorientation for every 2D section. Some of these data can be compared with results from stereological exercises. Stacking the 2D
statistical information obtained from the analysis of the serial-sectioning data provides a means to quantify the variability of grain
structure in 3D.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

The ability to characterize microstructure is an
important tool for materials scientists, because it allows
one to quantify microstructure–property relations and
anticipate the capability of a material to perform in a
given application as a function of process history. For
example, it is well known that the grain-size of a
material has a strong effect on mechanical properties;
therefore, an accurate measure of the grain size
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distribution is desirable to predict material performance.
Classical methods for characterizing microstructure
usually involve viewing an image from a sectioned
surface, where the area of interest is mechanically
polished and viewed in an optical or scanning electron
microscope (SEM) [1]. With adequate resolution in this
image-analysis process, grain boundaries and second-
phase particles can be delineated, and stereological
methods can subsequently be used to infer three-
dimensional (3D) statistical attributes from the 2D
microstructural images.

However, there are a number of microstructural
parameters such as feature connectivity, true feature
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size, and true feature shape that cannot be inferred
from 2D sections [2]. For the example of grain-size
measurements, a common stereological measurement,
e.g. mean linear intercept, can be used to determine
the average grain size, but only for certain assump-
tions of the grain morphology. By comparison, this
measurement can be computed without any bias if a
full 3D data set is available for the microstructure. In
addition, many stereological parameters yield only
average scalar quantities to describe microstructural
features. Recognizing the fact that many properties
(especially those associated with failure) require
extreme values of the microstructure [3], it is evident
that characterizing the full distribution of these
features may be more appropriate for some predictive
models [4,5].

The need to more completely characterize the 3D
microstructure has led to the development of methods
that allow one to directly obtain 3D microstructural data
[6,7]. One methodology that has been successfully used
to perform this task is serial sectioning [6,7]. However,
this technique can be time-consuming and, if performed
manually, can be prone to errors related to maintaining a
constant sectioning thickness. This paper discusses a
newly developed technique to characterize grain
structure via serial sectioning utilizing a new type of
electron microscope; a dual-beam focused ion beam–
scanning electron microscope (FIB–SEM). This micro-
scope is capable of highly localized micro-machining
and ion imaging using the FIB column, and non-
destructive high-resolution imaging or other analytical
methods such as electron backscatter diffraction (EBSD)
using the electron column. For this study, the FIB is used
to serial-section specimens and the EBSD system is
used to obtain an orientation map for each section. The
dual-beam FIB–SEM shows great potential because it
Fig. 1. Flow diagram outlining the 3D data analysis framework. This pap
characterization. It is clear from this work that a “true” 3D analysis is neces
can be automated to perform this analysis without user
interaction.

Focused ion beam or FIB has become very popular in
the recent days and has been used by a number of
researchers to serial section and visualize microstructure
in 3D [8–15]. This technique has brought about a
tremendous advancement in the ability to view the true
3D microstructure of metallic materials with complex
microstructural morphology and crystallographic orien-
tation. Many of the published literature (e.g. [8–15])
provide only “slice and view” data. Sample reposition-
ing in these studies was generally performed manually.
Most of these experiments conduct fine-scale sectioning
using a single beam FIB. Sakamoto et al. [8] and Fraser
et al. [14] have used dual-beam FIB–SEM techniques to
acquire morphological data for microanalysis. Much of
this study, while sufficient for 3D reconstruction and
visualization, does not contain adequate quantitative
orientation information or allow for a completely
automated method for grain segmentation to be
incorporated. Additionally, manual sectioning is simply
not feasible, even with a FIB, when collecting a large-
scale high-resolution 3D data, a necessary ingredient for
high fidelity statistical characterization.

This paper presents three significant advancements
over the previous work, through (i) automated section-
ing and scanning, (ii) collecting orientation data on each
section for providing quantitative 3D crystallographic
data, and (iii) automated segmenting and characterizing
microstructural features. Customized scripts are devel-
oped in this work to completely control the FIB–SEM
system during the sectioning and EBSD collection. The
collection of EBSD maps on every section yields a
completely automated path to grain reconstruction and
segmentation. In addition to visualization, this work
introduces a new methodology for the collection of 3D
er focuses on the data collection techniques and assessment of 2D
sary to fully predict critical microstructure–property relationships.
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data, as well as a framework for the handling of the 3D
data set. This paper discusses a novel procedure for
obtaining data from the FIB–SEM, starting from sample
preparation to the post-processing of the data. Post-
processing of the data is performed using a customized
in-house program called “Micro-Imager”. This program
has the capability for processing the raw data charac-
terization and eventual finite element modeling. Starting
from 2D EBSD maps, Micro-Imager automatically
defines grains and grain boundary segments, and
calculates various statistical features of the microstruc-
ture. By utilizing the statistical data for a sequence of 2D
EBSD maps from a serial-sectioning experiment,
statistical correlations and 3D characteristics of a
polycrystalline microstructure can be understood. The
focus of the present paper is on developing improved
data collection and subsequent statistical analysis
techniques. The methods presented in this paper are an
integral part of a larger characterization and modeling
framework. An outline of this overarching framework is
given in Fig. 1. While the ultimate goal of the overall
research is to obtain microstructure–property relation-
ships, the present paper only discusses an essential
stepping stone in that direction. The results of this study
are particularly useful in constructing truly representa-
tive material microstructures as input for modeling and
simulation programs.

2. Overview of the process, equipment and software
used

2.1. The collected data

The data collected in this work consists of 2D
crystallographic orientation maps taken from consecu-
tive sections of a serial-sectioning experiment. It is
important to understand that the individual maps do not
contain direct 3D data. However, the assemblage of the
sections can offer quantitative descriptions of the
variation in the microstructure over the sectioned
volume. Additionally, the 2D orientation maps can be
assembled to produce a reconstructed true 3D volume.
In this paper, the analysis will focus on the handling of
each individual section as well as quantifying the
variation between sections. This work is the first step
towards 3D reconstruction and characterization of the
microstructure.

2.2. Equipment used

Acquiring serial-section data requires specialized
equipment to accurately extract functional information
from the microstructure. The essential equipment used
in this research is:

i. Dual beam focused ion beam–scanning electron
microscope (FIB–SEM): This microscope is capable
of highly localized micro-machining and ion imaging
using the FIB column, and non-destructive high-
resolution imaging or other analytical methods such
as electron backscatter diffraction (EBSD) using the
electron column. The FIB can be automated, through
the use of control scripts, to section, position, and
image the specimen. Precise positioning and align-
ment of the specimen is performed using the FIB's
image recognition capabilities. The FIB system can
mill sections with a thickness as low as 50nm, but
because of time constraints a larger thickness of
250nm was used in this experiment.

ii. Electron backscattered diffraction (EBSD) system:
The EBSD system used in this work was developed
by TSL and is the source of the quantitative
orientation information used to automatically delin-
eate grains and grain-boundary segments. The EBSD
system, which is also automated in this process,
collects crystallographic orientation information
across each section, producing a series of 2D
orientation maps. The EBSD system can obtain
orientation data with a resolution as high as 50nm,
but again time constraints called for a lower
resolution of 250nm in this experiment.

2.3. Software used

Analyzing the serial-sectioning data requires a
significant amount of processing and subsequent micro-
structural measurement. A combination of commercially
available programs and in-house developed codes are
used to efficiently handle the serial-sectioning data.
These are:

i. Micro-Imager: Micro-Imager is a special purpose
code developed in our laboratory for this work. It
processes the orientation information from the
EBSD system and automatically defines grains
and grain-boundary segments by analyzing discrete
changes in local orientation. After Micro-Imager
clearly defines the microstructure constituents, it
calculates and outputs characterization parameters
such as the distribution of grain size, number of
neighboring grains, grain orientation, and grain
boundary misorientation angle for every 2D section.
Table 1 lists the parameters calculated by Micro-
Imager and outlines the measurement methods.



Table 1
List of the parameters measured by Micro-Imager

Parameter 2-D measurement Application 3-D counterpart

Grain area
fraction

The number of grid points assigned to a
grain plus the approximation error
divided by the number of total grid
points in the scan.

This parameter can be used to find the area of every
grain in the scan. The grain area fraction of each grain
is multiplied by the total scan area, giving a
distribution of grain sizes.

Grain volume
fraction

No. of neighboring
grains

As new boundaries are found, they are
added to a running list. At the end of
boundary detection, it is known how
many neighbors each grain has.

This parameter is useful in looking at grain growth
characteristics as well as grain-to-grain interactions.

No. of neighboring
grains

No. of edges
of a grain

The number of line segments needed to
complete the boundary of a grain is the
number of edges of that grain.

This parameter defines the curvature of the boundary.
If the edges equal the neighbors, then the boundary is
facetted, but if there are many more edges,
the boundary must have more curvature.

No. of faces of a
grain (instead of line
segments it is plane
segments)

Grain perimeter The length of each line segment is known
and added together to determine the
perimeter around a grain.

This parameter can be used to determine the total
grain-boundary-length-per-area, which can be used to
determine grain boundary area per volume through
stereology.

Grain surface area

Misorientation The misorientation is measured for
every neighbor
of a grain and this is done for every grain.

This parameter is useful to calculate an MODF profile
and also is useful in grain-to-grain interactions, stress
intensities, and crack nucleation and growth.

Misorientation

Also included are the measurement method, the application of the parameter, and 3-D counterpart.

Fig. 2. Microstructure of IN100 Ni-based superalloy shown in a FIB
secondary electron image.
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ii. IMOD: IMOD is a commercially available code
which consists of a set of image processing tools
for tomographic reconstructions [16]. MIDAS,
which is a feature of the IMOD program, is used
to align the 2D sections collected in the serial-
sectioning experiment. MIDAS allows the user
to manually determine the best alignment
between two consecutive images. Details of the
program can be found at [16], and thus the
process will not be discussed in this paper.

iii. Fovea Pro: Fovea Pro is a suite of image analysis
software plug-ins used in conjunction with Adobe
PhotoShop. Fovea Pro is used to calculate
stereological parameters for comparison and
validation with Micro-Imager. In this work,
Fovea Pro is used to measure the lineal mean
intercept and the grain boundary surface-area-per-
volume from each 2D section.

3. Experimental procedure

3.1. Material analyzed

The material selected for analysis in this work is a
fine-grained powder metallurgy-processed nickel-based
superalloy (IN100). A FIB secondary electron image of
the material microstructure can be seen in Fig. 2. The
process history of the IN100 sample contained a sub-
solvus heat-treatment, which results in a microstructure
of γ and γ′ grains having secondary γ′ precipitates
within the γ grains. The thermo-mechanical processing
yields relatively equiaxed grains having a fine grain size
(∼2 to 5μm average).

The small grain size allows for a large number of
grains to be examined during the course of the FIB serial-
sectioning experiment. Presently, the sampling volume is
practically limited to 50×50×50μm3 due to the time
needed to perform the experiment (∼4days). Another
distinct advantage was that IN100 formed high “quality”
EBSD patterns, which enabled the OIM system to
acquire data at its fastest speed.

There are also a number of complications that are
encountered when using this material system. The
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extensive twinning and multi-constituent structure
present challenges that have been discussed later in
this paper. It is important to note that the experimental
process developed in this work is theoretically material
independent, but issues of grain size, EBSD pattern
quality, and microstructure complexity are all factors
that will affect the speed and feasibility of the data
collection and analysis.

3.2. Specimen fabrication and preparation

The specimen-preparation steps for the IN100
sample are as follows. First, a diamond saw is used to
section a small amount of material from a bulk sample,
with dimensions of approximately 5mm×5mm×
0.5mm. The thickness of this section is further
reduced by mechanical polishing to roughly 50μm.
Once polished, the sample is mounted on a SEM stub
and placed on a 38° pre-tilted sample holder, which is
needed to access the necessary tilt angles for the
serial-sectioning experiment. The sample is then
inserted into a FEI Company Strata Dual Beam 235
FIB–SEM.

Prior to starting the serial-sectioning experiment,
the FIB is used to mill a cantilevered “finger”
geometry at the edge of the specimen, as shown in
Fig. 3. This sample geometry is used to eliminate
problems with redeposition of sputtered material
during the sectioning experiment, and also to enable
EBSD mapping of the serial-sectioned surface. After
fabricating the finger geometry, a platinum cap is
deposited on the top surface of the finger via a
platinum gas-injection source. The DB235 microscope
has the capability to locally deposit materials such as
Fig. 3. SEM image of FIB–EBSD sample showing cantilevered
“fingers” and the fiducial marking pattern. The finger on the left has
undergone sectioning and the finger on the right has been rough-milled
and would be smoothed prior to sectioning. The analyzed surface is
labeled by the box.
platinum and tungsten using precursor gases that react
with the ion or electron beam. In these experiments,
the platinum cap is used to protect the surface of the
sample normal to the ion beam, since the experiments
involve a cumulative period of ion imaging which
could significantly erode the top surface of the finger.
Additionally, the platinum cap tends to improve the
fidelity of the serial-sectioning experiment since the
smooth surface of the cap helps to eliminate “water-
falls”-vertical streaks visible on the cross-sectioned
face that can be caused by surface roughness [17].
Surface roughness on the sectioned face can affect the
quality of the EBSD pattern and compromise the
ability of the EBSD system to properly index the
pattern.

The final step of the sample fabrication process
involves FIB-milling fiducial marks into the top surface
of the sample. The fiducial marks are used to precisely
reposition the sample after moving the microscope stage
between serial-sectioning milling and image-analysis
positions. This is discussed in the next section. For this
experiment, two fiducial patterns (a cross and a circle)
are used that are easily distinguished from each other, as
seen in Fig. 3.

3.3. Stage rotation and repositioning

The serial-sectioning experiment in the dual-beam
FIB–SEM is comprised ofmoving the sample repeatedly
between two microscope stage positions. These posi-
tions are the “sectioning” position and the “ion imaging/
EBSD analysis” position, as shown in Fig. 4. When the
sample is in the sectioning position, the FIB is used to
mill a cross-section surface that is normal to the long axis
of the finger geometry with a 3000pA beam. After
sectioning, the sample stage is rotated and translated to
bring this cross-section face into the ion imaging/EBSD
analysis position. For the 38° pre-tilted holder, a rotation
of 180° and a tilt 4° is needed to move between the two
positions. Once moved, the cross-sectioned surface is at
an optimal angle for EBSD analysis (∼70° angle of
inclination between the electron beam and the normal of
the cross-section surface). This stage position also allows
for imaging of the same surface with the ion-beam, albeit
for smaller ion beam currents (100pA) than are typically
used for cross-section milling.

3.4. Image recognition for precise positioning and
alignment

The fiducial marks described previously in Section
3.2 are critical for precise alignment of the sample at



Fig. 4. Schematic of the two-stage positions in the dual-beam microscope for the sectioning and imaging process. The schematic on the left shows the
ion-cutting position while the schematic on the right shows the EBSD mapping position.
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the two stage positions, as the microscope stage is
only accurate to within a few microns when moving
between the two stage positions. That level of
precision is insufficient for producing serial-sectioning
data having sub-micron resolution in the sectioning
thickness. However, use of the built-in image-
recognition software together with the fiducial marks
enables sub-micron precision. The image-recognition
procedure is as follows. After the microscope moves
the sample to either the “sectioning” or “imaging/
EBSD analysis” position, the image-recognition soft-
ware is used to identify the fiducial mark placed in-
line with the finger geometry (see Fig. 3). Further-
more, it uses this mark to accurately place the
specimen in the desired location. The image-recogni-
tion software is subsequently used to correct for any
rotational misalignment. Specifically, the image-rec-
ognition software identifies the location of both
fiducial marks, and those values are compared to the
original values at the start of the serial-sectioning
experiment. The rotation of the specimen stage is
adjusted such that the misalignment is less than 0.1°.
After correcting for rotational alignment, the program
corrects for stage drift, i.e. a smaller amount of time-
dependent movement following a large repositioning
of the stage. Specimen drift is accounted for by
putting a time delay in the program, which is followed
by another image recognition step. Allowing the stage
to settle for approximately 10 to 20s is found to
correct for specimen drift rather well for the imaging
conditions used in this experiment.

Lastly, the image recognition software is also used
for final placement of the serial-sectioning milling
pattern, which defines the location where the FIB
sputters material away to create each section. The
distance from the fiducial mark to the end of the
finger is determined at the beginning of the experi-
ment, and is continually updated by subtracting the
value of the section thickness multiplied by the total
number of sections. The use of the built-in image
recognition abilities of the DB235 ensures a consistent
slice thickness for the serial-sectioning experiment.
Having a known constant section thickness is an
important factor for reconstruction of a 3D volumetric
structure from the serial-sectioning data and is one of
the distinct advantages of this automated process.
Visual examination of the entire series of image data
obtained from the experiment suggests that the section
thickness is consistent. At present, variability in the
serial-sectioning thickness has not been specifically
measured.

3.5. Some details of experiment

The experimental data collected for this study comes
from a specimen of dimensions 40μm×41μm×
29μm. The inter-slice thickness for this experiment
is 250nm and the point-to-point spacing in each OIM
scan is also 250nm. Each slice takes approximately
25min to execute using the following steps: ion
milling, sample rotation, ion-image capture, EBSD
scan, and sample rotation back to the sectioning
position. The entire experiment generated 117
sections that took just over two days of automated
serial sectioning to complete. The EBSD or OIM
scan takes significant time to perform in the overall
process. For an EBSD scan area of 50μm×50μm,
each OIM map requires approximately 11min to
collect the crystallographic data, scanning at
58points-per-second (20kV, spotsize 6) and using a
step-size of 250nm. Roughly 45% of the time of the
experiment is spent collecting the OIM data. The
other time-consuming process is FIB milling, as 35%
of the time is spent sectioning the sample with a
3000pA beam current. With increasing acquisition
speed of the OIM system and the optimized FIB
systems for high-current milling, these experiments
can be performed faster and higher resolution data
will be available without a significant increase in
acquisition time.
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4. Data processing and microstructure delineation with Micro-Imager

There are many commercially available software packages for visualizing 3D data. However, these packages
are not equipped to automatically segment grains and generally only provide visualization capabilities. The
development of the Micro-Imager code is a direct result of the need to process the orientation data and quantify
the microstructure. The first objective of the Micro-Imager code is to define the microstructure constituents, such
as grains and grain boundaries. Delineation of the microstructure corrects artifacts produced by the EBSD system
and clearly defines the microstructure for subsequent quantitative analysis. The second function of Micro-Imager
is to provide tools to evaluate statistical characterization parameters for describing the microstructure. This section
of the paper will present the methodology used by Micro-Imager to accomplish these objectives.

4.1. Grain segmentation with Micro-Imager

The Micro-Imager program has been developed to create well defined grain boundary contours in 2D from the
image data through a series of contiguous line-segment representations. In this module, the grain boundaries are
identified as an assemblage of points delineating change in crystallographic orientations. Grain boundaries can have
a tortuous topology and many local fluctuations in the orientation maps. Micro-Imager approximates these spatially
complex boundaries with line segments by using an error-per-unit-length (EUL) algorithm. This process corrects
artifacts like aliasing of grain boundaries that are produced when collecting the EBSD data, as well as defines the
grain structure for subsequent mesh generation for computational modeling. The EBSD data collection acquires
crystallographic information on a square grid, and the resulting description of the grain boundaries becomes aliased
or “stair-stepped”. The approximation of grain boundary positions using line segments effectively smoothes these
boundary steps by passing a straight line segment through the pixels constituting the boundary. A schematic
diagram illustrating the creation of an aliased boundary is shown in Fig. 5.

Boundary detection in Micro-Imager incorporates comparing the Euler-angle values of a given pixel to its four
nearest neighbors. A pixel's Euler angles are the set of angles that define its orientation in space in relation to a
global coordinate system. A set of three Euler angles, (φ1, Φ, φ2), describe the orientation of a pixel and all pixels
in a given grain have an essentially equivalent set of Euler angles, within a small tolerance. If the Euler angles of a
neighboring pixel do not match that of the reference pixel to within a defined tolerance (4° for this work), the
midpoint between the two pixels is tagged as a grain boundary point. The misorientation between the two
orientations of the neighboring pixels is calculated to determine if the Euler angles match. The misorientation is
defined as

h ¼ min

����cos−1 trðgAg−1B OÞ−1
2

� ����� ð1Þ

where gA and gB are the orientation matrices of grain A and B, respectively, expressed as

gi ¼
cosu1 cosu2−sinu1 sinu2cosU sinu1 cosu2 þ cosu1 sinu2cosU sinu2 sinU
−cosu1 sinu2−sinu1 cosu2 cosU −sinu1 sinu2 þ cosu1 cosu2 cosU cosu2 sinU
sinu1 sinU −cosu1 sinU cosU

0
@

1
A

The angles φ1, Φ, φ2 are the Euler angles of grain i, and O is the crystal symmetry operator for the crystal
structure. Considering that there are 24 identical rotation operations in cubic symmetry, the misorientation of the
two lattices can be described by 24 different symmetrically equivalent rotations. The minimum rotation angle is
chosen as the misorientation angle.

This process is completed for every pixel of a given image. Once every boundary point is defined, special
boundary points that three or more grains share (triple points) are located. The initial approximation of the grain-
boundary positions is simply the segments defined by connection of these special (triple) points.

Micro-Imager refines the representation of the grain boundaries using a figure of merit called the error-per-
unit-length. The error-per-unit-length is defined as the area enclosed between the line segment connecting the
special points (AB in Fig. 6) and the line segments connecting all the points that have been identified as the



Fig. 5. Schematic displaying the aliasing scheme of a smooth curve: (A) a straight boundary between the dark and light regions, where fractions of
pixels are filled; (B) the same boundary with full pixels filled or empty. The stepped nature of the originally smooth line is a result of aliasing.
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boundary between the grains, normalized by the length of the line segment AB. From the schematic in Fig. 6,
this error is expressed as

Error−per−unit−length ¼

Z B

A
½tðxÞ−aðxÞ�dx
Z B

A
dx

ð2Þ

where t(x) corresponds to points on the grain boundary delineated by orientation change, and a(x) corresponds to
points on the initial segment joining the endpoints A and B. The delineated real boundary is not smooth and
hence t(x) is not a smooth function. The integral in the numerator of Eq. (2) is calculated by adding discrete
rectangular areas in the histogram.

In Micro-Imager, the user defines a threshold value for the error-per-unit-length. If the error-per-unit-length is higher
than the threshold value, the single line segment is divided into two segments having the same bounding special points
as the initial segment's endpoints. These two line segments also have a common endpoint on a previously defined
boundary pixel, which is shown in Fig. 6B. This procedure is repeated for all line segments until the error-per-unit-
length for each of these segments is below the threshold value. A small value for the error-per-unit-length threshold
results in segmented boundaries that more closely approximate the actual data, but a threshold approaching zero does
not simplify the microstructure. Similarly, a higher threshold value produces a more simplified structure, but it is
important to examine whether this process oversimplifies the microstructure and creates artificial or erroneous features.
Fig. 6. Schematic showing the evolution of the grain boundary approximation in Micro-Imager. The dark boundary connection labeled t(x) represents
the true grain boundary shape and the lighter line segment(s) labeled a(x) represent the approximated boundaries.
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Once a satisfactory network of segments is produced, the grains bounded by these segments are used to calculate
statistical grain-structure data.

4.2. Measurement of microstructural parameters by Micro-Imager

Once a representative microstructural section from FIB-based serial sectioning has been processed by Micro-
Imager, 2D statistical information about the grain morphology can be generated. In the initial phase of this
work, five parameters were selected for measurement. These characteristic parameters are plotted for 2D
sections and compared with other sections to determine the variation in the sectioning direction. 3D parameters
can be calculated using stereological rules [18]. A list of these five parameters and related information is given
in Table 1.
5. Results for a typical material grain structure

The grain structure of the IN100 sample is shown
in the four images of Fig. 7. The first image is a grain
map produced by an OIM scan, the second is the grain
map approximation calculated by Micro-Imager, the
third is an FIB secondary electron image taken at
7500×, and the fourth is a skeletonized image created
by Micro-Imager which is used for the stereological
calculations by Fovea Pro. Note that the images in
Fig. 7. Microstructure of IN100 Ni-based superalloy, (A) grain map from EBS
approximation by Micro-Imager; (C) FIB secondary electron image; and (D)
improved stereology measurements (compare with ion image seen in (C)).
Fig. 7 are of the same area, and the region shown is
40μm×41μm in size. The microstructure of IN100
presents both advantages and complications to this
experimental technique. The advantages, as discussed
previously, include small grain size, high-quality
EBSD patterns, and relatively simple grain morphol-
ogy. Some of the complications that arise inherently
due to the material are the presence of twins and a
multi-constituent structure. One issue associated with
defining grains is the question of whether to consider
D scan, with pixel size approximately 250nm; (B) grain map after grain
binary image of the grain boundaries as created by Micro-Imager for
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twins as individual grains or to group them with the
surrounding grain. For this study, twin boundaries are
treated the same as every other grain boundary. The
multi-constituent structure presents another complica-
tion. The γ and primary γ′ grains cannot be
differentiated by the OIM system because the EBSD
patterns are virtually identical for the two phases. As a
result, all of the grains are considered as a single
phase. Additionally, the carbides present in the
structure are smaller than the resolution of the
EBSD system and thus do not produce clear EBSD
patterns. It is the intention to couple additional
information available from the ion images to differ-
entiate the primary γ′ grains and locate carbides.

6. Quantitative characterization and statistical
analysis

Quantitative analysis of microstructure is performed
on the 2D sections to accomplish a number of
objectives. The first objective of the quantitative
analysis is to validate and compare Micro-Imager's
measurements with stereological measurements made
by Fovea Pro. Comparison of direct measurements of
the microstructural morphology with stereological
measurements displays areas where Micro-Imager
can make improvements in microstructure character-
ization. After comparison and validation, the measure-
ments are analyzed to create a quantitative description
of the different characterization parameters measured.
The final objective in this analysis is to quantify the
variation in the consecutive sections, both in the
average and extreme values of the distributions. The
analysis of variation displays the need for true 3D
data.

6.1. Micro-Imager analysis versus stereological methods

Stereology is the science of the geometrical
relationships between a structure that exists in three
dimensions and the images of that structure that are
fundamentally two-dimensional [18]. Stereological
formulations are commonly used to determine micro-
structural parameters such as grain size, grain
boundary surface-area-per-volume, and the volume
fraction from 2D images. To validate the accuracy of
Micro-Imager calculations, measurements of two
microstructural parameters, viz. grain area and grain
boundary surface-area-per-volume, from Micro-Imager
are compared with those predicted by conventional
stereological methods. The measurement of grain area
using Micro-Imager is straightforward. The area of
each grain is simply calculated from the number of
pixels assigned to that grain multiplied by the area per
pixel. Note that this calculation also includes the
fractional area for pixels which are assigned to grain
boundaries. The stereological measurement of lineal
mean intercept is performed using Adobe PhotoShop
with the image analysis software plug-in toolkit Fovea
Pro.

Fig. 8A shows a comparison of the average grain area
determined by Micro-Imager and by Fovea Pro for each
2D section. To calculate the grain area using the lineal
mean intercept method, the grains are considered to be
spherical, i.e. the grain area is assumed to be equal to the
area of a circle having a diameter equal to the lineal
mean intercept. For circles of measured diameter D, the
lineal mean intercept l̄ is given as:

l̄ ¼ p
4

� �
D: ð3Þ

There are two curves for the grain area calculated by
Fovea Pro. The lower curve is the area calculated by
directly considering the lineal mean intercept as the
diameter of a circular grain. The other curve is the area
calculated by considering the lineal mean intercept as
the diameter of a circular grain, but it also includes a
corrective multiplicative factor accounting for the
probability of intersection through the equatorial plane
of the circular grains in a 2D image. The derivation of
this multiplicative factor is discussed in Thompson [19]
along with additional factors associated with mean
intercept calculations.

Fig. 8B shows a comparison of the surface-area-per-
volume. Micro-Imager calculates this value by summing
the length of all the grain boundary segments for a given
grain and dividing this length by the area of the grain, i.e.

ðBoundary length per unit area in 2DÞi ¼
1
A1

Xn
j¼1

Lij

ð4Þ
where Ai is the area of the ith grain and Lij is the
length of the boundary segment(s) between grains i
and its neighbor j, which is summed over all the n
neighbors of the grain i. The stereological relation of
the boundary length per unit area to the boundary
surface area per unit volume is presented in Russ and
Dehoff [18] as

SV ¼ 4
p
LA ð5Þ

where SV is the boundary surface area per unit volume
and LA is the boundary-length-per-area, calculated by



Fig. 8. Comparison of parameter measurements from Micro-Imager and Fovea Pro. The x-axis (thickness) corresponds to the position through the
depth of the material from which the sections are collected: (A) average value of the grain area, and (B) average value of the grain boundary surface
area per unit volume.
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Eq. (4). The measurement of the same parameter by
Fovea Pro is calculated by counting intersections of
cycloids with grain boundaries and is affected by the
radius of the cycloids. As the radius approaches zero,
the value converges to that measured by Micro-
Imager. It is seen in Fig. 8B that the measurements
from Fovea Pro converge toward the measurement by
Micro-Imager. This example displays an advantage of
using Micro-Imager, since some grain structure
parameters can be calculated in a manner that is not
sensitive to measurement method, unlike some
stereological techniques.
6.2. Probability density functions

In addition to calculating the mean values of
selected grain structure parameters, some of these
parameters are plotted and fitted to determine
probability density functions (PDFs), which provide
a more complete characterization of the feature
distribution. Fig. 9 shows PDFs for grain diameter,
misorientation angle, number of neighboring grains,
number of grain boundary edges, grain perimeter, and
grain area. It is important to note that while
continuing development of Micro-Imager seeks to



Fig. 9. Probability density functions and data histograms generated by Micro-Imager from a single 2D section: (A) grain diameter, (B) misorientation
angle, (C) number of nearest neighbors, (D) number of grain boundary edges, (E) grain perimeter, and (F) grain area. The value of grain diameter in
(A) is calculated as the diameter of a circle having the same grain area as in (F).
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calculate PDFs from 3D reconstructions of the serial-
sectioning data, Fig. 9 is generated from a single 2-D
slice. Almost all of the parameters shown in Figs. 9
and 10 are best fit by log-normal curves, except for
the misorientation distribution, which appears to be
best fit by a smallest-extreme-value curve.



Fig. 10. Probability density functions of grain area for the entire serial sectioning experiment, shown collectively as a surface plot in 3D to highlight
variation from section-to-section. The PDFs were only extended to 20μm2, as the probability is relatively constant at larger values.
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6.3. Parameter variation through sectioning depth

Fig. 10 shows a 3D surface plot that is constructed
from the series of individual PDFs from every slice in
the serial-sectioning experiment. This plot does not
completely substitute for a PDF constructed from a 3D
reconstruction. However, the benefit of examining the
data in this manner is that changes in the PDFs are easily
Fig. 11. 3D plot of the binned grain area histograms from individual section
depth. This figure shows how the maximum grain area can vary markedly f
compared over the sampled volume. If the PDFs vary
markedly through the thickness, then one 2D section is
clearly not sufficient to describe a particular micro-
structural feature, and such occurrences are revealed by
such plots. One problem that arises when examining
PDF plots is that the tails of the distribution are
smoothed out, which can be observed in Figs. 10 and 11.
Fig. 11 is similar to Fig. 10, but rather than examining
s stacked together to show variation as a function of serial-sectioning
rom section-to-section.



Fig. 12. Histogram of grain area constructed from the averaged bin values for each size range for all of the sections. The error bars show the maximum
and minimum values for each size throughout the entire data set.
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the series of PDFs as a 3D surface plot, the actual
measured histograms of grain area are shown in 3D. The
binned data of Fig. 11 clearly shows significant
variation in the extreme (maximum) values of the
grain-area distribution, from one section to the next.

Additional applications of the characterization meth-
ods are shown in Figs. 12 and 13. In Fig. 12, a histogram
of the “average” grain area is plotted, by taking the
average value for each bin size as calculated over all of
the 2D sections in the data set. The error bars in this plot
denote the maximum and minimum values for each bin.
This figure demonstrates that there is a significant
Fig. 13. Plot showing the values for average grain area and the maximum sin
the average grain area from slice-to-slice, whereas there is significant variati
variation in the distribution of grain sizes over the 2D
image set, even for sizes which are at or near the mean
value. Lastly, Fig. 13 shows a plot which tracks the
average grain area and the maximum grain area on every
slice. In this figure, one can easily observe that the
average grain area appears essentially constant for every
slice, but there is a noticeable variation in the maximum
(this is also observed in Fig. 11). When taken as a whole,
the data analyzed further demonstrates the potential
need for more detailed microstructural analysis than
simply calculating the average value of a parameter.
Often, the average value for a particular microstructural
gle grain area for each slice. Note that there is relatively little change in
on in the maximum single grain area from slice-to-slice.
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feature appears approximately constant from one slice to
the next, but the feature can vary markedly in its extreme
values. If only the average value of a feature is needed
for a property model, then a single section of sufficient
size may be adequate. However, if knowledge of the
extreme values of a microstructural feature is needed as
in determination of fatigue and fracture properties, then
it is likely that the information provided by only one or
two sections of the material cannot be used to describe
the feature. Furthermore, there are some parameters
which can only be calculated from 3D microstructural
information [2]. This is an area of future research in this
effort.

7. Conclusions

This paper introduces both experimental and com-
putational procedures that enable new quantification
analysis of grain structure. This work is a first step
towards a fully automated process that will both collect
3D microstructural information via serial sectioning and
provide quantitative measurements of property-control-
ling microstructural features. This paper presents a
summary of the representation and analysis methodol-
ogy as it currently exists, which is comprised of
characterizing individual slices of the serial-sectioning
data using a 2D analysis. Although the characterization
methodology is not based on a true 3D analysis, this
work has clearly demonstrated some shortcomings in
traditional 2D analysis methods, especially with regards
to characterizing extreme values. Future work will
include improving both the fidelity and range of data
types accessible through the serial-sectioning method-
ology, and expand upon the representation and analysis
methods into 3D. A 3D reconstruction of the material
microstructure by stacking 2D data and characteristics is
near completion, and will be reported in a future paper.
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