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Abstract

Columnar-grained samples of commercial-purity nickel were analyzed to
establish the relative energy of <001> tilt boundaries as a function of
misorientation. For this purpose, an electron-backscatter-diffraction (EBSD)
technique was used to determine the grain-boundary geometry and
misorientations across grain boundaries at triple-junction locations in two-
dimensional sections perpendicular to the sample fiber texture. Analysis of the
triple-junction dihedral angles and misorientations revealed that the relative
boundary energy followed a classical Read-Shockley dependence.

Keywords: Directional solidification; EBSD; Nickel; Grain boundary energy;
Misorientation

Introduction

A variety of simulation methods for predicting microstructure evolution
during processing and service are emerging as powerful tools for material
designers. These tools include techniques for modeling phenomena such as
grain growth, precipitation, recrystallization, and texture formation. For example,
Monte-Carlo (MC) approaches for simulating grain growth have matured
significantly during the last decade [1]. Key input data for MC models include the
dependence of grain-boundary energy and mobility on grain-boundary character.
Measurement of boundary properties is generally very difficult. Hence, relatively
few measurements of this sort can be found in literature [2, 3]. To help overcome
the challenges associated with these measurements, techniques such as
molecular dynamics have been developed to predict boundary energy and
mobility [4]. Nevertheless, such theoretical treatments still require experimental
verification.

A number of methods have been developed to measure boundary energy
and mobility in single-phase polycrystalline materials. These include techniques
such as those based on thermal grooving, measurements of boundary motion,
etc [5, 6, 7]. Recently, a novel technique was introduced by Adams, et al. [8].
This method is based on electron backscatter diffraction (EBSD) to determine
boundary misorientation/geometry and is applicable to both two-dimensional
(e.g., columnar) and three-dimensional (e.g., equiaxed) grain structures. In



essence, dihedral angles (between adjacent boundaries) and grain-boundary
curvatures at triple junctions are analyzed in the context of Herring’s treatment of
boundary energy, or Young’s equations if grain boundary character is simplified
to depend on misorientation only. Yang, et al. demonstrated this approach using
high-purity aluminum [9].

Nickel-base superalloys comprise a class of materials for which validated
modeling techniques for grain growth would be especially useful. For example, a
guantitative description of normal and abnormal grain growth during supersolvus
heat treatment has been sought for many years in the aerospace industry. The
present work was undertaken as a first step in meeting this need. Its objectives
were to determine the relative energy of <001> tilt boundaries of unalloyed nickel
and to compare the results to previous measurements in other materials and the
Read-Shockley equation [10].

Materials and Procedures

Materials. A special lot of commercial-purity nickel (CP Ni) was melted and
directionally solidified (DS) to produce 12 x 50 x 225 mm bars having a columnar
grain structure (Figure 1) with a <001> fiber texture parallel to the long direction.
Its measured composition (in weight percent) was Bi < 0.02, Pb < 0.02, Te <
0.02, Ti < 0.02, and balance Ni. The average grain diameter was approximately
1.5 mm as shown in the optical micrograph (Figure 1).

Experimental Procedures. The fiber-textured, columnar-grain structure of
the program material enabled the analysis of 2-D sections for the determination
of relative grain-boundary energy. For this purpose, slices measuring 3 to 5 mm
thick were cut perpendicular to the fiber axis of the DS bars and prepared for
EBSD examination using standard metallographic techniques. The samples
were final polished on 0.06 um colloidal silica and electropolished in a solution of
590 ml methanol, 350 ml 2-butoxy-ethanol, and 60 ml 60% concentration
perchloric acid at 20V for 20 minutes.

EBSD was conducted in an FEI XL30 field-emission-gun scanning-
electron microscope (FEG SEM) using TexSem Laboratories software version
4.0 [11]. EBSD scans focused on delineating the grain-boundary geometry and
misorientation between grains at triple junctions. For this purpose, coarse scans
with a step size of 25 um were utilized to locate the triple points, and fine scans
with a step size of 1 um were used to measure the geometry and character of the
triple junctions thus located. This procedure was used to characterize
approximately 150 triple junctions.

Data Analysis. The EBSD data were analyzed to determine dihedral
angles at the triple junctions and thus provide input for the Yang analysis of
relative grain-boundary energy. The grain boundaries established via EBSD
were first highlighted by a thresholding-and-cropping technique [12]. The
thresholding process eliminated grey-scale noise in the images. Subsequently,
excess grain-boundary area was cropped from each image. The skeletonized
microstructures so produced were input to special software [13] to determine the
inclination angle of each grain boundary and hence the associated dihedral
angles at each triple junction. The columnar nature of the microstructure




indicated that the angles measured on the polished sections were indeed true
dihedral angles; serial sectioning would, of course, be required for typical three
dimensional microstructures. The data were then input to a Microsoft Excel™
spreadsheet listing the dihedral angles and misorientations characterizing the
grain boundaries at each triple junction.

By neglecting the variation in boundary energy with boundary normal, the
analysis of the spreadsheet data could be based on Young's relation [10]
between the measured dihedral angles (y1, %2, x3) and the corresponding
relative boundary energies (y1, y2, v3) at triple junctions (Figure 2), viz. :

Yo __ Y2 __ s
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The data for each triple junction were sorted into misorientation bins using the
procedure developed by Yang and his co-workers [8, 13]. Specifically, the
misorientations were sorted into one of 14 bins each of whose width was
between 2 and 5 degrees, thus spanning the total misorientation range between
0 and 45 degrees possible for cubic metals with a <001> fiber texture. The
minimum bin size of 2 degrees was chosen in view of the resolution limit of the
EBSD technique. The relative boundary energy as a function of misorientation
was determined by a statistical multiscale analysis of the binned data [14]; i.e., a
method of finding the variation of boundary energy with misorientation that most
nearly satisfies Young’s equation at each triple junction. The results were then
compared to the Read-Shockley equation for the energy of low-angle grain
boundaries.

Results and Discussion

EBSD-determined pole-figure results (Figure 3) indicated that the texture
of the CP Ni program material was close to, but not exactly, a <001> fiber
texture. For example, the finite width of the central peak in the 001 pole figure
indicated some deviation from the ideal fiber texture. The individual EBSD scans
can only cover a limited-size grain-sampling area, thus explaining the incomplete
nature of the <001> fiber texture. Nevertheless, the grain-boundary
misorientations were always between 2 and 60 degrees. More specifically,
approximately 95% of the misorientations were between 2 and 45 degrees. For
a more quantitative insight, the deviation from the <001> fiber texture was
estimated by first finding the axis-angle pair representing the misorientation
between two adjacent grains and then calculating the angle between that axis
and the [001] of the corresponding grains. The maximum deviation from <001>
fiber texture was thus found to be less than 4 degrees with an average of
approximately 2 degrees (Figure 4).

The misorientation distribution expected for a perfectly-random <001>
fiber texture would exhibit a uniform density over the range 0-45°. The CP Ni
characterized in this work showed a misorientation distribution that was
sufficiently close to this limiting case to justify the application of the single
misorientation parameter Yang analysis for the present data set (Figure 5). The



experimentally-determined dependence of relative grain-boundary energy on
misorientation for CP Ni is shown in Figure 6. These results revealed a
monotonic increase in energy with misorientation (6) from 0 to ~15 degrees.
Furthermore, the boundary energy appeared to be approximately independent of
misorientation for 6 > 15 degrees, except for a weak local minimum at 6 ~ 30
degrees. This misorientation is close to the X17a <001> tilt boundary [15].
However, the sparseness of the data set and the chosen bin size precluded a
definitive conclusion regarding the nature of the relative boundary energy at this
misorientation. In general terms, the absence of a marked variation in the grain
boundary energy beyond the Read-Shockley regime is in good agreement with
measurements for other fcc metals such as Al [16].

The experimental results were also compared to the Read-Shockley
equation for the relative energy (y) of low angle boundaries, i.e.,

0 0
=y, —|1-In—
nlfing

m m

in which , denotes the energy of a high angle boundary, and &, = 15 degrees.
This comparison (Figure 6) showed excellent agreement between the measured
values and Read-Shockley model.

Summary and Conclusions

The Yang, et al. approach for estimating the misorientation dependence of
the relative grain-boundary energy in polycrystalline materials was applied to
commercial-purity nickel samples having a columnar grain structure and <001>
fiber texture. The data revealed a typical dependence of relative energy on
misorientation (0); i.e., an increase of energy with misorientation for 0 < 6 < 15
degrees and approximately constant energy for 6 > 15 degrees. The
experimentally determined energy dependence on misorientation showed
excellent agreement with the predictions of the Read-Shockley model.

The results of this investigation demonstrated the applicability of the Yang
approach for the determination of the misorientation dependence of the relative
boundary energy for CP Ni and revealed that the measured dependence followed
the Read-Shockley equation.
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Figure Captions

Fig 1. Optical macrograph of the columnar-grain structure in directionally-
solidified commercial-purity nickel samples.

Fig 2. Schematic representation of the relation between the relative grain-
boundary energies and the corresponding dihedral angles at a triple
junction.

Fig 3. <001> pole figure derived from EBSD data; the z-direction is at the center
of the pole figure.

Fig 4. Calculated deviation of the misorientation axis from the [001] crystal
direction.

Fig 5. EBSD-determined misorientation distribution for commercial-purity nickel.

Fig 6. Comparison of the experimental dependence of the relative boundary
energy on misorientation for commercial-purity nickel (points) and the
trend predicted by the Read-Shockley equation (smooth curve).
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